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"GEOPHYSICAL TESTS FOR

INTERMEDIATE-RANGE FORCES"

1. INTRODUCTION

The suggestion in 1986 of a possible "fifth force" in Nature led to consid-

erable experimental and theoretical effort to detect such a force. Evidence

for the presence of such a force could come from apparent deviations from

the predictions of Newtonian gravity. We can characterize this new force by

writing the effective gravitational potential between point masses m1 and m2

in the form.

- GmM21 +m2  e_/,
V(r) r (1 + a -e/1 ) VN(r) + 1/s(r) (1)r

Here r = IF, - F'21 is the separation of the masses, A = h/mc is the Comp-

ton wavelength of the particle responsible for the new interaction, and a

is a dimensionless constant which characterizes the overall strength of this

interaction relative to gravity. The results of any experimental search for non-

Newtonian gravity can thus be expressed in terms of the strength parameter

a and the range A. For technical reasons a given experiment can set sensitive

limits only on values of A comparable to the natural size of the experimental

system. For distance scales of order 10m - 10 km geophysical experiments

using towers, boreholes, etc. provide the natural distance scale, and this ob-

servation has motivated much of the recent interest in non-Newtonian gravity.

At the same time, the fundamental unity of physics demands that geophysical

experiments be integrated along with other tests for non-Newtonian physics.

Thus our efforts have been directed both at geophysical tests as well as at

other tests for evidence of non-Newtonian gravity.
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Since the work done here has been published in various journals and

conference proceedings, we will simply summarize the topics covered in this

Introduction, and refer to the full papers in the Appendices for complete

details.

2. Geophysical Tests for Non-Newtonian Gravity

A. Finite-Size Effects in Eitv6s-Type Experiments [E. Fischbach and

C. Talmadge in "New and Exotic Phenomena', Proceedings of the XXVth

Rencontre de Moriond, Les Arcs, France, 20-27 January 1990, edited by

0. Fackler and J. Tran Thanh Van (Editions Frontieres, Gif-Sur-Yvette,

1990) pp. 187-196]. This paper investigates the possibility that all non-

Newtonian effects are fundamentally composition-independent, but that

composition-dependent effects may arise due to the fact that V•5V(r) # 0

for Vs(r) given in Eq.(1). This paper is reprinted Appendix A.

B. Is the Eitvis Experiment Sensitive to Spin? [A.M. Hall, H. Arm-

bruster, E. Fischbach and C. Talmadge, in Progress in High Energy Physics,

Proceedings of the Second International Conference on Medium and High

Energy Nuclear Physics, Taipei, Taiwan, ROC, 8-18 May, 1990, edited by

W.-Y.P. Hwang, S.-C. Lee, C.-E. Lee, and D.J. Ernst, (North-Holland Else-

vier, New York, 1991), pp. 325-339.]

This paper discusses the possibility that the systematic effect uncovered

in 1986 by Fischbach et al. in the E6tv6s data could represent the coupling

of a new field to a novel spin-dependent change. This model has specific im-

plications for geophysical experiments. This paper is reprinted in Appendix

B.

C. Exponential Models of non-Newtonian Gravity [E. Fischbach, C.
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Talmadge, and D. Krause, in Phys. Rev. D43, 460-467 (15 January, 1991).]

The non-Newtonian potential in Eq.(1) has the typical Yukawa form,

which gives the spatial variation (1//r)e-r/l. However, in some models the

spatial variation of the potential is given by an experimental -, (1/A)e-r/'.

This changes the phenomenology of the putative fifth force in a significant

way, which we describe in detail in Appendix C.

D. Non-Newtonian Gravity and New Weak Forces: An Index of

Measurements and Theory [E. Fischbach, G.T. Gillies, D.E. Krause, J.G.

Schwan, and C. Talmadge, in Metrologia 29, 215-260 (1992).]

This paper presents a short overview and review of the fifth force as an

introduction to the first ever bibliography on the subject of new weak forces.

The bibliography contains 813 entries by 825 authors, and is presented in

Appendix D.

E. One Hundred Years of the Ektvis Experiment [L.Bod, E. Fischbach,

0. Marx, and M. Naray-Ziegler, in Acta Physica Hungarica 69, 335-355

(1991).]

The original Etv6s experiment provided much of the motivation for the

current interest in searches for non-Newtonian gravity. In this paper we

provide additional historical details on this experiment, which remains one

of the few which gives any evidence for the possibility of a new force. This

paper constitutes Appendix E.

F. Six Years of the Fifth Force [E. Fischbach and C. Talmadge, in Na-

ture 356, 207-215 (1992).]

This review was solicited by the Editor of Nature, and summarizes the

status of searches for the putative "fifth force" as of 1992. It presents the

3



exclusion plots which e'immarize what had been learned up to that point.

This paper is presented in Appendix F.

G. The Second Coming of Tower Gravity: An Update [D.H. Eckhardt,

A.J. Romaides, R.W. Sands, C. Jekeli, E. Fischbach, C.L. Talmadge and H.

Kloor, in "The Second Coming of Tower Gravity: An Update", in Per-

spectives in Neutrinos, Atomic Physics and Gravitation. Proceedings of the

XIIIth Moriond Workshop (Villars, Switzerland, 30 January - 6 February

1993) edited by J. Tran Thanh Van, (Editions Frontieres, to be published.]

The pioneering work of the Air Force Geophysics Laboratory on gravity

measurements carried out on towers, has been pursued by a new tower ex-

periment using the WABG tower in Inverness, Mississippi. The first results

from this experiment are given in Appendix G.

H. Global Positioning Systems and Television Signals: Are the

Two Compatible [A.J. Romaides, R.W. Sands, E. Fischbach and C.L. Tal-

madge, submitted to Surveying and Land Information Systems.]

In the course of carrying out the tower experiment, we noticed that the

measurement of ground elevations using the Global Positioning Satellite Sys-

tems could not always be carried out in close proximity to active television

towers. In this paper we discuss this problem in detail, and describe our

efforts to understand its origins. This paper is given in Appendix H.
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APPENDIX A PURD-TH-90-1

FINITE-SIZE EFFECTS IN EOTVOS-TYPE EXPERIMENTS*

Ephraim Fischbach and Carrick Talmadge

Physics Department, Purdue University, West Lafayette, IN 47907 USA

in New and Exotic Phenomena

Proceedings of the Xth Moriond Workshop

Les Arcs, France, 20-27 January, 1990

ABSTRACT

We discuss a new class of experiments in which searches for composition-dependent de-
viations from Newtonian gravity can be used to set limits on composition-independent effects
as well. These experiments utilize the observation that objects with different charge or mass
distrilutions, will couple differently to the (non-vanishing) Laplacian of a non-Newtonian
potential.

* Work supported in part by the the United States Air Force Geophysics Laboratory and

by the United States Department of Energy
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I. INTRODUCTION

Current searches for deviations from the predictions of Newtonian gravity,1 -° have thus

far focussed primarily on two classes of experiments: These are the composition-independent

experiments,which look specifically for a breakdown of the 1/r 2 force law, and the com-

position-dependent experiments which compare the accelerations of chemically-different test

masses towards a common source. Both classes of experiments can be understood in terms

of the conventional parametrization of the potential energy V(r) for two point masses i and

y, in which a "fifth force" contribution V5(r) is added to the Newtonian term VN (r) to give3

V(r) = VN(r) + Vs(r) = r e (1)

r r

Here G,, is the Newtonian gravitational constant, mi(mj) is the mass of i(j), A is the range

of the fifth force, and Qi(Qj) is the corresponding charge which determines the fifth force

coupling. The overall strength is set by the constant f, which is the fifth force analog of the

electric charge e, and the ± sign reflects the possibility that the contribution from V5 can be

attractive or repulsive. Using (1) we can write V(r) in the form3

V(r) = -G mtm3 (1 + alje-I/),

r

= _ f2  (2)

In Eq.(2) pi = mi/mH, where mff = m(iH'), and • gives the strength of V5 relative to

gravity. Differentiating Eq.(2) we can write the force F(r) in the form

F(r) = -VV(r) =- -G(r)mrm( r2 ' (3)

G(r) = G ±,[l ± aj,(1 + r/,\)e-r/J].

The deviation of G(r) from G.. is an indication of the presence of a non-Newtonian coupling,

and we see from Eq.(3) that such deviations can be detected in two ways: A dependence of

the effective strength G(r) on the separation r of the test masses would reflect a breakdown

of the expected 1/r 2 law of Newtonian gravity. Secondly the constant aij in (3) is in general

different for each pair ij of materials, and hence the effective strength G(r) depends on

the compositions of the interacting test masses. Experiments which look for a dependence of

G(r) on r, and on aij, are denoted respectively as composition-independent, and composition-

dependent, searches for non-Newtonian gravity.

In what follows we point to the existence of a new class of experiments which complements

those described above, and which are distinguished by the fact that they depend on the finite

size of the test masses relative to the range A. The principle behind these experiments was

first described by Stacey, 10 and is a consequence of the fact that V2Vs # 0.

6



DERIVATION OF THE FINITE-SIZE EFFECT

To understand the origin of the "finite-size effect" consider the interaction energy W of

a test object whose charge distribution is p(f), with the potential O(') of an external field,

W = Jd3rp(F)0(f). (4)

I(Q) can be expanded about the center-of-maas of the test object (F = 0) and, retaining the

first few terms, we have

W =J d3rp(r-)[0(0) + F. V-4((0) + x xiz3 1 (0) + *], (5)

where A8 M /Dx', and (9), = xi. If O(F) arises from a massless field (so that V 2 4(f) =

0), then the usual multipole expansion for W is obtained by adding to Eq.(5) the term

- [tI2 6,,V 2 4(0), which allows the third term in (5) to be expressed in terms of the quadru-

pole moment tensor Qij,

Q 1 d3rp(i)t[3xzzj - I.26,j1" (6)

However, in searching for deviations from Newtonian gravity we are probing specifically for

interactions for which V2 ,(") ? 0. It follows that if we wish to expand W in terms of the

same multipole moments that arise in the massless case, then we must add back the term

proportional to V20(0), so that the leading rotationally-invariant contribution to W now has

the form

W- f d3rp(9)[1 + 61÷I2V2 +..]4(0). (7)

Since the term proportional to rf j2 is independent of the orientation of the test object, it will

behave as an additional contribution to its mass. To see what effect this term has consider

the case where 4(9) is given by a Yukawa,

GM (8)
)= exp(-IF- (8)

If,- r??I

corresponding to a point source of mass M and strength aG located at f'. Since 4(F) is a

solution of the time-independent Klein-Gordon equation, it follows that

V2 4p(") = (1/A2)4(i'), (9)

and hence

W = d3rp(9)[1 + +- +. ..](0) = M[o + (R2 )4(0) +-. (10)
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Here m is the mass of the test object, (R2) = (1/m) fd 3 rp(r)IIF12 is its mean-square-charge

radius, and ... denotes the remaining terms from (5) which depend on higher derivatives of

O('). We see from (10) that for a Yukawa potential the leading correction to the standard

multipole formula, arising from the fact that A is finite, has the effect of multiplying the

(inertial) mass m by the expression in I I in (10). As we now show, this correction leads to

an apparent violation of the Equivalence Principle.

Let A1 denote the total force acting on a test mass m, in the combined presence of the

Earth's acceleration field i(F) and WO(O),

A1 = M - mi(1 + K.) , (11)

where r. = (R2)1/6A 2. The acceleration difference of objects 1 and 2 along the direction fi,

Aa = (a1 - 2)" fi, is then given by

Aa W - f,
Ar. -(12)

where An = re1 -s2, and i = (51 +62)/2. It follows from (12) that two objects with different

values of (R2 ) will experience different accelerations in the presence of 0, irrespective of

whether or not they have the same composition. AK will almost always be different from

zero in an E6tv6s experiment, where the accelerations of two objects having the same mass

but different compositions are compared. For the current generation of E6tv6s experiments,

where test samples have not only the same mass but the same external dimensions as well,

p(if) must be different for the two test masses, and hence Ar is necessarily different from

zero.

The finite-size contribution in Eq.(7), which applies to any matter distribution p(F) in-

teracting with an arbitrary potential O(-), generalizes a result originally derived by Stacey3,10

for a spherical mass in the field of a point Yukawa source. To establish the connection be-

tween (7) and Stacey's work, we consider (as he did) the experiment of Thiebergert1 in which

the differential acceleration between a spherical copper shell and the water it displaced was

measured. For a uniform sphere of radius R we have

(R2) = 3 1R , (13a)
5,

while for a shell with outer (inner) radius R2 (RI) the corresponding result is

(R2) -=- 3(R3- R5)" (13b)

From Eqs.(13a,b) and (10) we find immediately that the (anomalous) acceleration difference

between the shell and the water is proportional to
3 21A = Kaphere - ahell = 101Rq (1-R/R )4)

AK ~10,\2 R 2 (1 - Ri3/R3)' 14

8



which is what Stacey found. In addition to generalizing Stacey's result, Eq.(7) also demon-

strates that the leading non-Newtonian corrections to the multipolc formula can be obtained

directly, without having to start from an exact analytic result as Stacty did. This means that

the non-Newtonian contribution can be calculated simply for test masses of arbitrary shape,

whe-re a analytic: expr•emion would he difficult (if not impossible) to come by.

It follows from the preceding discussion that any experiment which measures the accel-

eration of a test object a, will be sensitive at some level to the finite-size anomaly K.. This

effect will be the dominant signal for a non-Newtonian force when the mean-square charge

radius of an object is comparable to the distance scale over which the non-Newtonian poten-

tial is varying, which for a Yukawa occurs when (R2)1/2 ý. A. This observation suggests that

the finite-size effect may offer a practical means of adapting Etv&s experiments to carry out

high-precision searches for composition-independent non-Newtonian gravity over distances of

several centimeters, which is the characteristic size of the masses that are typically used. More

significantly, by appropriately redesigning the test masses, it may be possible to achieve a far

greater sensitivity for composition-independent short-range forces than is currently possible

by othcr means.

CONNECTION TO EXPERIMENT

a) Short-Range Composition-Independent Experiments

At present, the most sensitive composition-independent experiments at short ranges arc

those of Hoskins, et al.12 (2 - 105 cm), and Chen et al.13 (5 - 9 cm). Hoskins et al. in fact

carried out two separate experiments which respectively covered the intervals 2- 5 cm and 5-

105 cm. Although various clever methods were used to enhance any possible non-Newtonian

signal, none of these measurements is a null experiment in the same sense that the Eotv6s

experiment is. For this reason an E6tv6s experiment utilizing the finite-size effect would

possess a number of advantages over existing experiments, such as minimizing the sensitivity

to source inhomogeneities, and to the source-detector separation. More importantly, since

the finite-size effect depends on the Laplacian of the non-Newtonian force, rather than on the

force itself, it may be more sensitive than existing techniques to certain types of couplings.

For the special case of a point Yukawa source, we see from Eq.(9) that V2 4(F) has the same

functional dependence on F as does $(f`) itself, but this is not generally the case. For a test

mass in the presence of an arbitrary force if(r) we have,
V2 [Ff(r)] = -2 FL! + 2[V/(r) VJ, + ÷V2/(r), (15)

r2

where we have used the identity V2f = -2f/r 2 in the first term. We see from (15) that the

functional form of V2 [ffI can be quite different from that of if itself, and that this difference

could be significant for small r. Consider the case of two nearly cancelling Yukawas, which

9



in the appropriate limit can be approximated by an exponential coupling, 1

e-,I
fi~ r =GE(16)

Er)= -'OVE(r)= a A2(7

The experiments of Hoskins, et a/., 12 and Chen, et aL, 13 search for JE directly, and hence

are sensitive to the factor exp(-r/A). By contrast, the finite-size effect is determined by

= (R 2) aEe-r/A -r (18)

6 - 6s(" A2 r2  ( 18

and hence is sensitive to a different radial function. It is easy to demonstrate that the ex-

periments in Refs. (12 and 13) would have very limited sensitivity to certain combinations of

elementary Yukawas, whereas the finite-size effect would be quite sensitive, and vice versa.

Thus an E6tv6s experiment utilizing the finite-size effect, would complement existing mea-

surements at short ranges by virtue of their different systematics. The same observation

applies to the Laplacian detector of Paik et at.,14 whose greatest sensitivity will be to forces

of somewhat longer range.

b) The Ejtv~s Experiment

Since (R2) can be calculated in a straightforward way for any test mass, it is natural

to apply the preceding analysis to the original experiment of E6tv6s, Pekfr, and Fekete

(EPF) 15 to see whether there is any suggestion of a correlation with (R2) in their data. The

torsion balances used by E6tv6s, Pek6r, and Fekete (EPF) in performing their experiments

were originally designed to measure gravity gradients, which was the purpose of the set

of experiments performed by E6tv6s in the mountains of Hungary1". For this reason, the

centers-of-mass of the test bodies used were separated by a vertical distance of about 21 cm,

which had the unfortunate side effect of making E6tv6s' apparatus significantly more sensitive

to vertical gravity gradients than to anomalous accelerations. To cancel out the effects of

gravity gradients, EPF combined the results of measurements made with the torsion balance

oriented in different directions. The H20-Cu comparison, for example, was carried out by

measuring the difference in the deflection of the torsion bar when it was oriented North-South

versus South-North, and East-West versus West-East. This was done for both H20 compared

to Pt (where the Pt was loaded at the upper position of the torsion balance), and for Cu

compared to Pt. The effects due to the gravity gradients could then be eliminated by taking

the appropriate difference of the deflections measured using H20-Pt versus those measured

using Cu-Pt.

In the case of certain comparisons (e.g., magnalium-Pt or snakewood-Pt), the sample

could be machined to the desired specifications, and hence did not need to be stored in a

10
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Figure 1: Model of container + sample for Eotv6s, Pekir, and Fekete experimcnt.15

container. Where this was not possible (e.g., H20-Cu or Asbestos-Cu), the sample was placed

in a brass vial, and the outside dimensions and masses for the various containers are given

in Ref. 15. Since the densities of the samples could estimated from the composition of the

respective samples, there is sufficient information to allow the separate determination of the

holding volume of the brass vials, and the volume of each sample. In many cases, the volume

of the sample turned out to be smaller that the volume of the brass vial, and in this case the

model for brass vial+sample shown in Fig. 1 was used. If we assume that the thickness of the

wall of the vials, t, was the same for all samples contained in a vial, and was equal to that of

the end caps, then we obtain t -• 0.025 cm. For a solid cylinder of radius R and length L we

have

(R2) e R2 + L 2, (19)

where (R2) is measured relative to the center of mass. For the composite sample given by

Fig. 1,

(R12) = -- pL92[14+ýV + i'h2]+ ý[(2 4-rljR 5
2mt[

6 1 2 LR1)] (20)

where mt is the total mass of the brass vial + sample, L. = m./(vrR?), and m. is the mass of

the sample. Using Eqs. (19) and (20), we then obtained estimates for (R2) for each sample,

11



Table I: Estimated values of (R2) for the various samples used in the EPF experi-

ment. Here (R2) is given in units of cm 2 .

Samnple I (R2) Sample II (R 2) AiR2)

Magnalium 12.0 Pt 3.0 8.9
Snakewood 48.1 Pt 3.0 45.1
Cu 3.5 Pt 3.0 0.5
Ag-Fe-SO 4  17.3 Ag-Fe-SO 4  17.2 0.0
H2 0 15.5 Cu 3.6 11.9

" 15.8 Cu 3.5 12.3

CuSO4 . 5H 2 0 46.4 Cu 5.5 40.9
" 49.8 Cu 5.5 44.3

CuS04 Solution 27.0 Cu 5.5 21.4
" 26.7 Cu 5.5 21.2

Asbestos 41.1 Cu 5.5 35.6
" 40.5 Cu 5.5 35.0

Tallow 19.4 Cu 5.5 13.9
" 19.1 Cu 5.5 13.6

and A(R 2 ) for each pair, and our results are shown in Table I.

These values of A(R 2) were fitted against the acceleration differences Ar = Aa/hz.

measured by EPF using a model of the form

AK = aA(R 2) + b, (21)

and the results are shown in Fig. 2 (solid curve). It evident from Fig. 2 that Eq. (21) is a very

poor model of the EPF data. More quantitatively, we find X2 = 43 for 7 degrees of freedom

for this fit. Fitting to only the "Method III" data points (c.f., Refs. 3 or 15), a somewhat

better fit is obtained (dashed line in Fig. 2). However, the resulting line fails to pass through

the origin, and hence must also be rejected on physical grounds.

SUMMARY

The principal results of our paper are presented in Eqs. (7)-(12). They indicate that,

irrespective of the functional form of the non-Newtonian potential, an apparent composition-

dependent effect will arise in an E6tvbs-type experiment by virtue of the fact that V2 4(f") $ 0.

Failure to detect such an effect, at some level, is thus an (almost) model-independent test for

the presence of a non-Newtonian interaction. In practice this test will be most sensitive, and

hence most useful, as a null test for forces which vary significantly in space over a distance

scale comparable to the size of the test masses. We note in passing that in the presence of a

non-Newtonian coupling, the finite-size effect produces an analog of the Nordvedt effe, Chis

12
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5.

4 C'uP T

2a

-2:. met

-4} {-- -- - u S O.. c u CuSO * -5 NO.Cu

-51
-60 id "0 3b 4b 50

A(R 2) (CM 2 )

Figure 2: Results of a fit of A(R 2) from Table I versus AK obtained by E6tv6s,

Pekfr, and Fekete.15 The solid curve represents a fit to all of the data points, and

the dashed line represents a fit to only the "Method iir' data points. Both fits fail

to give a satisfactory result, as is discussed in the text.

will be discussed elsewhere, as will be the details of possible laboratory experiments utilizing

the finite-size effect.
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IS THE EOTV6S EXPERIMENT SENSITIVE TO SPIN?
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Recently, Hall and Armbruster have introduced a phenomeno-

logical spin-dependent charge, which they have suggested may

account for the nonzero acceleration differences reported in the

E6tv6s experiment. They discuss three possible explanations for

the origin of this charge. This paper examines specifically one

of those explanations, namely, that this charge is evidence for a

"fifth force" in Nature. In doing so, we explore the implications

of fifth force models based on this charge, and study the question

of whether this charge can be derived from a more general theory.

INTRODUCTION

There is considerable experimental and theoretical interest at present in

the possibility of deviations from the predictions of Newtonian gravity. Part

of the motivation for this renewed interest was a reanalysis', 2 of the classic

experiment of E6tv6s, Pekr, and Fekete (EPF)3 which uncovered in the EPF
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data a correlation suggesting the existence of a new intermediate-range coupling,

V5, to baryon number B. The potential energy V(r) for two point masses

in the presence of the "fifth force" potential energy V1(r) and the Newtonian

gravitational potential energy VN(r) is then given by2

V(r) = VN(r) + Vs(r) = -aGooImi + -f2  " e-%, (1)

r r

where m, and B, are the mass and baryon number of i, respectively, G,, is

the Newtonian gravitational constant, f is the coupling strength of the new

interaction (the analog of the electric charge e for electromagnetism), and A is

the range of the proposed new force. Hf the masses are expressed in units of

m(IH 1 ) = 1.00782519(8)u, so that m, = pim(IH'), then Eq. (1) can be written

in the form2

V(r) = -G.?"I

B2  (2)Bi - L, fB,__

Since a•$ depends on the compositions of i and j through the ratios B./1A

and Bi/p,, the coupling in (2) leads to an apparent violation of the Weak

Equivalence Principle (WEP), which postulates the equivalence of gravitational

and acceleration effects. The acceleration difference Aa 1j, of two objects j and

j' towards i would then be directly proportional to

Bq -BB~ Bf= ýi L (B\ ," (3)

and it was this specific correlation between A(B/p)Ii, and the EPF data for

Aajj, which stimulated discussion of a "fifth force."

The model defined by Eqs. (1)-(3) has been discussed extensively in the

literature1.2,'-9. It has been noted in Refs. I and 2 that B/p varies across the Pe-

riodic "I3ble in a way that is quite different from that of other proposed charges,

such as lepton number L. That B/pi is not (even approximately) a monotonic

function of atomic number Z, may help to explain why attempts to understand

the correlation in the E6tv6s data in terms of conventional physics2 ,10 ,11 thus

far have been unsuccessful. Experiments aimed at reproducing the EPF results

have also been unsuccessful, however, and by now there can be little doubt that
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the model of Vs given in Eqs. (1)-(3) is incompatible with existing data. Var-

ious attempts to generalize this model have thus far failed to explain how the

correlation in the EPF data could be compatible with the results of modern

experiments. The implications of these experiments is that the Ebtv6s experi-

ment is flawed, yet no convincing model has been put forward to date which can

account for the original EPF data in conventional terms. We refer the interested

reader to the discussions in Refs. 2, 12, and 13 for further consideration of these

points.

Before turning to the question of the possible relevance of spin in the EPF

experiment, it is worth emphasizing that both the modern repetitions of the

EPF experiment and the related Galileo (free-fall) experiment' 4 '15 have been

designed to optimize their sensitivity to the coupling in Eqs. (1)-(3), or to

certain alternatives to it. These experiments may not be equally sensitive to a

spin-dependent charge, and thus to a spin-dependent "fifth force" V5S.

PHENOMENOLOGY OF A SPIN-DEPENDENT CHARGE

Recently Hall and Armbruster (HA) have noted' 6 that a correlation similar

to that found in Ref. I arises in the E6tv6s data, if the baryon number B of a

nucleus is replaced by a charge Q defined by

Q = M6; 6 = for J > 0, (4)

10for J=O,

where M is the mass of the nucleus, and J is its nuclear spin. (Note that we

use the notation J rather than the more conventional I to avoid any possible

confusion with the nuclear isospin I., which was another suggestion for Q.) For

elements with more than one isotope, the total Q is obtained in the usual way2

by weighting contributions from each isotope according to its isotopic abundance

rk:

Q = M&6&r&. (5)
k

Before returning to the question of the physical significance of Q, we present

in Table I the values of Q/p for the natural elements, and in the Table II the

values A(Q/p) for the EPF samples, where for samples i and j, A(Q/p) -

17



328

Table 1: Average value of Q/#s using Eq. (4) for the first 92 elements of the

Periodic Table.

Element Q1# Element Q/p Element Wit

Hydrogen 1.00000 Germanium 0.44976 Europium 1.00000
Helium 0.00000 Arsenic 1.00000 Gadolinium 0.30158
Lithium 1.00000 Selenium 0.07381 Terbium 1.00000
Beryllium 1.00000 Bromine 1.00000 Dysprosium 0.43735
Boron 1.00000 Krypton 0.11427 Holmium 1.00000
Carbon 0.01198 Rubidium 1.00000 Erbium 0.22896
Nitrogen 1.00000 Strontium 0.06963 Thulium 1.00000
Oxygen 0.00040 Yttrium 1.00000 Ytterbium 0.30259
Fluorine 1.00000 Zirconium 0.11191 Lutetium 1.00000
Neon 0.00267 Niobium 1.00000 Hafnium 0.32121
Sodium 1.00000 Molybdenum 0.25119 Tantalum 1.00000
Magnesium 0.10412 Technetium* 1.00000 Tungsten 0.14331
Aluminum 1.00000 Ruthenium 0.29497 Rhenium 1.00000
Silicon 0.04849 Rhodium 1.00000 Osmium 0.17595
Phosphorus 1.00000 Palladium 0.21909 Iridium 1.00000
Sulfur 0.00782 Silver 1.00000 Platinum 0.33779
Chlorine 1.00000 Cadmium 0.24890 Gold 1.00000
Argon 0.00000 Indium 1.00000 Mercury 0.29946
Potassium 1.00000 Tin 0.16424 Thallium 1.00000
Calcium 0.00155 Antimony 1.00000 Lead 0.22578
Scandium 1.00000 Tellurium 0.07679 Bismuth 1.00000
Titanium 0.12772 Iodine 1.00000 Polonium* 1.00000
Vanadium 1.00000 Xenon 0.47074 Astatine* 1.00000
Chromium 0.09683 Cesium 1.00000 Radon* 0.00000
Manganese 1.00000 Barium 0.17759 Francium* 0.50106
Iron 0.02233 Lanthanum 1.00000 Radium* 0.00000
Cobalt 1.00000 Cerium 0.00000 Actinium* 1.00000
Nickel 0.01235 Praseodymium 1.00000 Thorium* 0.00000
Copper 1.00000 Neodymium 0.20396 Protactinium* 1.00000
Zinc 0.04207 Promethium* 1.00000 Uranium 0.00711
Gallium 1.00000 Samarium 0.28324

*No stable isotopes

(Q/p)i - (Q/p))j. These are plotted against the acceleration differences (An in

the EPF notation) in Fig. 1. Fitting these data to a straight line,

A = =.r(Q/p) + 6, (6)
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Table II: Calculated values of &(Q/p) using Eq. (4) for the EPF samples venus

the quoted EPF values of Ax. The misprint in the sign quoted by EPF for the

RaBr2-Pt datum has been corrected, as discussed in Ref. 2.

Samples Legend A(Q/p) 109,ic
Asbestos-Cu a -0.568 -2±1
H20-Cu b -0.611 -5±1
Tallow-Cu c -0.493 -3±1
CuSO4(sol'n)-Cu d -0.505 -4-1
CuSO4 5H 20-Cu e -0.441 -3±1
Snakewood-Pt f -0.274 -1±2
Ag-Fe-SO 4  g +0.000 +0±1
RaBr 2-Pt h +0.343 +1±2
Magnalium-Pt i +0.578 +4±1
Cu-Pt j +0.668 +4d:2

&0

4.0 J

2.0
h0 .0 . ............ . ... ........... .... ............. ........... ............. ..... ...... ... ..

-0.0

-4.0

4.9 4.6 -. 4 .2 0.0 0.2 0.4 0.6 0.5s

Fig. 1 Plot of A(Q//p) obtained from Eq. (4) versus Ar,

using the data from Table II. The straight line is the result

of a least squares fit to these data, as discussed in the text.

The labels a-j are defined in Table II.

we find

-y = (6.5 ± 0.8) x 10-9, 5 = (-0.1 :h 4.1) x 10-10,

X2 = 5.1 (8 degrees of freedom).

The quality of this fit is very similar to that obtained originally in Ref. I for a
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coupling to B: Using the results of Table V in Ref. 2, the corresponding values

of ' and 6 are:

7 = (5.08 ± 0.61) x 10-4, 6 = (0.87 ± 0.59) x 10-9,

X2 = 5.2 (8 degrees of freedom).

HA note in Ref. 16 that the effect of J = 1/2 nuclei may be removed (by

setting 6 = 0 for J = 1/2 nuclei in Eq. (4)) without significantly affecting the

correlation in Fig. 1. Further, the EPF data do not discriminate between other

variants of the charge Q (such as replacing 6 by [J(J + 1)11/1), as these variants

also evidence a correlation with the EPF data.16 Even the extreme assumption

that Q = 0 for all elements but Cu and Al leads to a correlation.16 While these

variants may or may not be significant, we consider here only the charge Q given

in Eq. (4).

MODELS OF THE SPIN-DEPENDENT CHARGE Q

In this section we discuss preliminary models aimed at deriving a spin-

dependent interaction from a more fundamental theory. This is desirable partly

because one must also know the spatial-dependence of whatever coupling leads

to Eq. (4), in order to design appropriate experiments. This is especially im-

portant for composition-independent experiments, which directly measure the

spatial variation of V5S(r), as we discuss below.

One of the challenges in constructing a model of the EPF data based on the

spin-dependent charge Q, is that the EPF samples were presumably unpolarized.

It is reasonable to assume that (A 9! 0 for the samples as well as for the source,

although bulk matter may, however, have a small net polarization due to the

Earth's magnetic field A,. At room temperature (T = 300°K), however, the

polarization P is expected to be of order"7

P PmNB- * 1 x 10-' 0 Bq (Gauss), (9)
kT

where AN is the nuclear magneton, and kB is the Boltzmann constant. For

B* -N 1 Gauss this gives P R- 1 x 10-10. Since any effect would depend on the
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product P.7s for the source and detector, experiments sensitive to P.Pj would

be suppressed by a factor of order 10-20 relative to those with P'. % Pd-- 1.

This means that the effective strength of the "gravitational" interaction between

spin-polarized samples (for which P' z 1) should be ; 1020 stronger than the

strength of the claimed signal in the EPF experiment, which we may take to be

of order (10-2G.. - 10G-6(,). This conclusion is significantly at variance with

the results of recent experiments on spin-polarized samples's which set upper

limits on the strength of a spin-dependent gravitational coupling to electron spin

at the level of s 10-3 G.00 . These experiments can also be used to set limits on a

coupling to nuclear spin, because the polarized electrons produce a net hyperfine

field at the nucleus, which in turn polarizes the nucleus. Since this field is much

larger than B,, it would be difficult to understand how an effect could have

shown up (incidentally) in the EPF experiment, but not in those of Ref. 18.

The implication of the preceding discussion is that if spin is indeed relevant

in the EPF experiment, it must be so in a way that does not depend on the net

polarization of the nuclei in the test masses. One way this can happen is if the

spin were to contribute a term to the nuclear mass-energy, and that term coupled

anomalously to gravity. If MI and M0 denote the inertial and gravitational

masses of a nucleus, then the content of the WEP is that MI = MG. Suppose,

however, that a particular contribution e. of the nuclear mass-energy coupled

anomalously to gravity and violated the WEP so that MI 0 MG. We can then

define a parameter q.,

MG I+I - + . , (10)

which measures the strength of the anomalous gravitational coupling of c.. The

parametrization in (10) has been widely used in the literature to set limits on

the coupling of various possible energy terms in the nuclers using the E6tv6s

experiment." Consider, for example, the acceleration of nucleus 1 towards the

Earth in the presence of (10):

Mral G= M*Mo* f GOOMeM nl + ((I+)

G= -( 1 + x. 1) =- -go(I + rc-,).
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It follows that

az -a2l _ M -, 2 -2 Il (12)

Since (c./MI) is in general different for dissimilar nuclei, it follows that Eq. (12)

can be used to set constraints on %7. In terms of this picture, the problem of

justifying the form of Q in Eq. (4) reduces to finding an energy term in the
nucleus which depends on the product M6, or some expression similar to it.

To illustrate how a dependence of some energy e. on M6 could come about,
we consider for illustrative purposes the gravitational contribution to the spin-
orbit energy eso of a single nucleon outside a filled or partially-filled shell. This
is given by20

3 = mc L.S, (13)

where M is the mass of the shell, m is the nucleon mass, L and S are the nucleon

orbital and spin angular momenta, and r is the distance from the nucleon to the
center of the shell. The contribution from eso appears to have the property of
being proportional to ML,. S -,: IM[J 2 - L2 - S2], and hence vanishes when

there are no unpaired nucleons, as does the charge M6 ia (4). Since nuclei have
an approximately constant density p, we can set M I" 1wr 3p, however, so that

_ 2rpG,,L*S (14)

This contribution to the nuclear energy does not grow with M as desired, and
thus is not a candidate for the charge of Eq. (4). A priori, there is an even more

serious objection to this toy model, quite apart from the obvious problem of the
magnitude of eso. This has to do with the fact that the same (gravitational)
interaction which couples the valence nucleon to the filled-shell (core), also cou-
ples the core nucleons to one another. Thus if the spin-orbit gravitational energy
coupled in some anomalous way to gravity, the spin-independent energy would
as well. This might well lead to a violation of the WEP, but it would be predom-

inantly a spin-independent effect, which is not what we are seeking. Evidently,
similar arguments apply mutatis mutandis for other contributions to the total
spin-orbit interaction. 21 Since any contribution to the energy from the exchange
of bosons in the normal spin-parity series (JP = 0+, 1-, 2+,...) will lead to the
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same problem, the best hope for constructing a model of the spin-dependent

charge along these lines appears to arise from the exchange of bosons in the

abnormal parity series, jP = 0- 1+ 2-,...

Consider, for example, the potential mising from the exchange of a massive

axial-vector (JP = 1+) field, 2

vA(r) = gAd F'-/A(15)
r

where 31 and 82 are the spins of the interacting nucleons, AA = hi/mAC is the

Compton wavelength of the 1+ quantum, and gA is an appropriate coupling

constant. The interaction in Eq. (15) describes not only the coupling of the

valence nucleon to a nucleon in the core, but also the interaction of the core

nucleons among themselves. In the latter case at, .j "4 may average to zero

for the core nucleons, depending on the details of the interaction and on the form

of the core wavefunction. Due to exchange (Pauli) effects, this is not necessarily

the case for 61 • 4, where I denotes a valence nucleon and k a nucleon in

the core. What this means is that to O(gA) there may be no contribution from

VA to the energy of a nucleus, except for possible contributions from valence

nucleons interacting with the core. If we then suppose that this term has an

anomalous coupling to gravity, or perhaps to another long-range gravity-like

field, then we have at least the outline of a model which could give rise to some

of the qualitative features of the spin-dependent charge in Eq. (4).

To summarize, the proposed mechanism for modeling the spin-dependent

charge as a fifth force is based on an anomalous coupling of the spin-dependent

energy arising from VA in Eq. (15). This energy term could have the property

of vanishing for J = 0 nuclei, while at the same time being nonzero for nuclei

with a valence nucleon outside a core. In this case, the total energy should

scale with the size of the core, and these features may qualitatively simulate the

behavior of Q = M6 (or one of the alternatives to Q which also explains the

EPF data). We emphasize that considerable effort will be required before we

will know whether this or any other specific model actually works. Nonetheless,

the preceding arguments indicate that a spin-dependent charge, such as that

proposed in Ref. 16, may in fact have a field-theoretic justification.
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IMPLICATIONS OF A SPIN-DEPENDENT CHARGE

We outline in this section some of the phenomenological implications of the
spin-dependent charge in Eq. (4). Eq. (3) can be generalized by noting that
whatever the specific form of the charge Q that determines the strength of V3s,
the composition-dependent acceleration difference will always be proportional

to the product

A( 2  E~qAq~.(16)
\PAsource I detector

Here "detector" refers to the two masses whose accelerations are being compared
as they accelerate toward a third object which is defined as the "source." The
product S = q.Aqd, termed the "sensitivity function" by Adelberger, et aL, 23 is

one of the factors that determines the sensitivity of a given experiment to the
putative fifth force. Another factor is the source integral13 f, which depends
in turn on the the r-dependence of V5s. Since we do not as yet have even a
rudimentary phenomenological theory which predicts the r-dependence of Vss,
we will limit ourselves to what can be learned from Q alone.

Ezperiments with Large Geophysical Sources

This category includes the experiments of Adelberger, et aL,2 Bizzeti, et
al.,14 Boynton, et al.,25 Fitch, et al.,2 Kuroda and Mio,15 Niebauer, et al.14 and

Thieberger.27 These experiments have in common the feature that their source
is predominantly SiO2 for which q, 9! 0. This means that for the class of models
we are considering, the relative sensitivity of the different experiments would
depend crucially on the presence at different sites of 9mpunties" with q. # 0.

The same remark would apply to experiments carried out at sites rich in CaCO3

(e.g., limestone), which is another common mineral. Further, for variants of the
model in which the spin charge Q = 0 for hydrogen (as in the model discussed in
the previous section), the presence or absence of water in the source is irrelevant.
In this context it is interesting to note that if Q = 0 for hydrogen then the
constraints imposed on Vs$ by the solar E6tv~s experiments"'- are reduced
by a factor of - 103 from their quoted values.
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Eperments with L4boratory Source.

A number of experiments with laboratory sources31 have been carried out

which may set interesting limits on V5s, once the distance dependence is known.

Laboratory experiments with Pb sources, however, would have very limited sen-

sitivity to the spin charge discussed here, as qpb 9! 0 using the charge of Eq. (4).

It is interesting to note that the implications of the spin charge model are similar

to those of the isospin model (related to V5) of Boynton, et aL.2 and Adelberger,

et aL,23 with one critical difference. In the latter model Q = N - Z = -,, where

N and Z denote the numbers of neutrons and protons in the sample. Since

(1,/i) is relatively large for Pb, experiments with laboratory sources of Pb can

set stringent limits on the strength of a coupling to I,. For a summary of recent
laboratory results, see Fischbach and TahlMadge.12 Unlike the case of isospin, the

spin-dependent charge of Eq. (4) is non-negative. This means that there can be

no cancellations as occur for I. between the contributions from water (for which

I./1 L- -0.112) and the slightly positive I./p of mineral impurities.

Pumped Lake Ejtvbs Experiments

Bennett 32 has carried out an EFitv6s experiment using a pumped water fa-

cility as his source. This experiment can set interesting limits on a coupling

to I. or to Q in (4). The EPF data, however, are also consistent with the

assignment"6 6 = 0 for J < 1 (and the toy model above does not contain a

coupling to hydrogen). In this case the Bennett experiment would be insensitive

to Q, which is then compatible with his null result.

Tower, Mine/Borehole and Lake Experiments

In the notation of Eq. (9) these composition-independent experiments4,3-3

are sensitive to the product q qd where qd is the charge of the standard maw in

the gravimeter. Typically measurements are carried out with similar gravime-

ten, so any substantial differences among experiments would arise from the

source charge q.. At present there is no compelling evidence for deviations from

Newtonian gravity in any of these experiments, but since lingering anomalies

remain, measurements are continuing. It would be difficult at this point to use

the spin-charge model to analyze these experiments, since at the present stage
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the model makes no statement about the spatial variation of Vis(r) to which

these experiments are sensitive.

SUMMARY AND CONCLUSIONS

The phenomenological spin-dependent charge in Eq. (4) introduced by Hall

and Armbruster1' provides an alternative to the original hypercharge model in

Refs. 1 and 2 as an explanation of the EPF results. In this paper, we have ex-

plored the specific possibility of modeling this charge as that of a spin-dependent

"fifth force" Vss. Although the spin-dependent charge of Eq. (4) as originally

proposed does not appear to arise in this context from a more fundamental

theory, some variants of a model based on the charge of Eq. (4) may have a

field-theoretic basis, as we have discussed. The success of a spin-dependent

charge in accounting for the EPF data raises the question of whether there are

variables other than B or Q in (4) which could explain the EPF data. If so, then

we might be tempted to ask whether these data have any deep physical signifi-

cance, if they can be accounted for by such seemingly different variables. On the

other hand, among the many physical variables which have been tried, 2, B and

Q are the only two discovered to date which give the correct correlation. Since

both involve non-classical variables, and may be related to each other at a deeper

level, it is possible that they may be the signal for new physics. Although it is

still too early to assess the physical significance of the spin-dependent charge, or

the success in modeling it as a charge of a spin-dependent fifth force, it is clear

that the correlation noted in Ref. 16 raises new and interesting possibilities that

are worth pursuing.
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We show that in certain classes of theories the spatial variation of the non-Newtonian potential
would be dominantly an exponential rather than a Yukawa potential, and we compare the phenom-
enological interpretation of the existing data in the exponential and Yukawa models. We also show
that generalized forms of the exponential potential can arise naturally from simple mass spectra.
Although such models cannot reconcile all of the existing data on non-Newtonian gravity, they have
novel properties that can be directly studied experimentally.

1. INTRODUCTION G(r)=Gy(r)=G , [ !+a( l+r1/)e-'/X . (1.3b)

A number of experiments are presently underway Each experimental limit defines a contour in the a-.

to search for both composition-independent and plane which specifies the region in the plane excluded by

composition-dependent deviations from Newtonian gravi- that experiment. A summary of recent limits can be

ty. '- 8 To date there is no compelling evidence for the found in Refs. 9-11.

existence of such deviations, although some unexplained To date the Yukawa model in Eqs. (1.1)-(1.3) has been

experimental anomalies remain to be fully understood. 5 .8  the most widely studied framework for introducing non-

The accumulation of a large number of null results can be Newtonian effects. However, there are no compelling

used to infer stringent constraints on various theories reasons to believe that the phenomenological non-

which would attribute any departures from Newtonian Newtonian coupling must have the simple form suggested

gravity to the existence of new forces. The non- by Eq. (1.3), and since the theoretical implications of the

Newtonian effects expected in such theories are conven- experimental data are quite different in other models, a
tionally described in terms of a modified expression for number of alternatives to Eq. (1.3) have also been exam-the potential energy V(r) of two point masses no2  ined. For example, Moffat12 has studied the experimental
shepartednbyial dsnergy r ofconsequences of his nonsymmetric gravity theory, in
separated by a distance r: which the non-Newtonian contribution to the force varies

as r -, rather than that expected from a Yukawa poten-

V()-G mm 2  tial. In addition, various authors have considered some
r + of the implications of a model with two (nearly) canceling

(1.1) Yukawa potentials. '.•-15 The latter model is the starting
point of the present paper, whose objective is to demon-

Here G. is the Newtonian constant of gravity, and the strate that there is an interesting (and hitherto unex-
parameters A and a, respectively, give the range of the plored) limiting case of two canceling Yukawa potentials,
new force and its strength relative to gravity. Also, V'(r) in which the resulting potential can be represented as an
describes the correction to the effective gravitational po- approximate exponential. 15,16 By analyzing this regime
tential arising from the particular non-Newtonian in- in terms of a single exponential, we demonstrate that
teraction we are considering (which in this case is a Yu- such a coupling leads to novel phenomenology. More-
kawa). The functional form of the Yukawa contribution over, by representing this interaction directly as an ex-
V'(r)=_ Vy(r) in Eq. (1.1) is suggested by models in which ponential we avoid the inevitable computational errors
Vy(r) arises from the exchange of a single new quantum which arise when the contributions from two (nearly)
with mass m y = A 1- 1. If the source of this quantum is a canceling Yukawa potentials are evaluated numerically,
charge Q =B cos0'+I.sinO', where B =N +Z is baryon as is discussed below. One of the purposes of this
number, and I, = N - Z is isospin, then analysis is to compare in detail the phenomenological im-

plications of the existing data in the Yukawa and ex-
a 9-g(Q1 /p2 )(Q 2/p 2 ), ' 1 m2=m /mH. (1.2) ponential models, in order to establish the extent to

Here --f2/1G.M2 gives the coupling strength in terms which the relative sensitivities of different experiments
Herthe utf 2 / m charges change in the two models.
of the unit of charge f, and m= m( 1H'). For later pur- In Sec. II below we obtain the exponential potential as
poses it is instructive to exhibit the expression for the the limiting case of two canceling Yukawa potentials, and
force F(r) implied by (1.1): discuss models in which the necessary cancellations can

- G m [ i m n• take place. The phenomenological implications of the ex-
[= -VV+a(1+r/)e r 2 ponential model are discussed in Sec. I11, and our con-

clusions are summarized in Sec. IV. Some mathematical
- G (r)m1 m2ýr details of the exponential model are given in the Appen-

r , (1.3a) dixes.

rhe U.S. Governfnt IS auhoritzd to rWodue, and sel this report. ©1991 The American Physical Society
'mvmlsbon for further reproduction by others must be obtained from
he copyrilht owner. 31
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II. ORIGIN OF THE EXPONENTIAL POTENTIAL posite" charge, i.e., one which is a linear combination of
more elementary charges. For example, in the theory ofAs we have noted in Sec. I, the exponential potential Peccei, Sola, and Wetterich"• (PSW), scalar exchange

arises as the limiting case of two (nearly) canceling Yu- prdces Solind betwenuclei W a r exche

kawa potentials. In this section, we demonstrate this ex- produces a coupling between nuclei I and 2 of the form

plicitly, and discuss at the same time models in which the e- I(5
necessary cancellations could come about.

Consider the interaction of two nucleons arising from l
the exchange of fields 0. and Ob which interfere destruc- Q = - X0, M -( I -x)o'B -+861 (2,5b)
tively, so that V'(r)-- V.(r)- V,((r). Denote the masses mH I
of these fields by m,.b and their couplings to Q by f.,b. If Here f is a coupling constant, and a, 6, and x are dynam-
the masses and coupling constants are related in such a ical parameters which we define below. The novel feature
way that 17 ia aaeeswihw eieblw h oe etr

of Q in (2.5b) is that the charge in the PSW model is a

mam=b[l +O(E)I, f =fbl +O(6f)] , (2.1) linear combination of the mass M, baryon number B, and
isospin I, of a nucleus, and hence the product QQ 2 in

where e,b << 1, then it is straightforward to show that the Eq. (2.5a) contains cross terms among M, B, and 12. For
leading contribution to the potential V'(r)= V 0(r)- Vb,(r) later purposes it is instructive to understand how the ex-
depends exponentially on r (see Appendix A): pression for Q in Eq. (2.5b) comes about. A scalar field

VA er , (2.2) can couple to the nucleons in the nucleus through two

""r)a VE (r)--fQ IQ2 1 - ,(2.2) natural scalar operators. These are T(x), which is the
trace of the full energy-momentum tensor, and @',(x),K -FV f which is the anomalous trace of the energy-momentum

FEW)= -VVE(r)=f 2 Q Q2  1 1 , (2.3) tensor. The latter operator is proportional to the diver-
gence of the dilatation current JW(x), which is not con-

FE r) IA 11fR2 1 served at the quantum level due to the presence of

-E r) X A, 2 OE (r,XL) . (2.4) anomalies, i.e.,
m I 0,J'(x ) = v'Tigai~x) •(x) , (2.6)

Here A•.-•_Xb= 1/rMn-I/mb, f=-fb, and 5E is the where g4() is the metric tensor. The matrix elements
field strength for a point source m 2 in the exponential of T',:(x) and 0','(x) for a nuclear state IN ) are related as
model. It follows from the preceding discussion that we follows:
can view VE(r) as a simple parametrization of the limit-
ing case of two nearly canceling Yukawa potentials, (NITIIN)=M, (2.7a)
which has novel phenomenological implications, as we

discuss below. (NIO N )=M - ( NJ m. fu + mdddIN)

We turn next to discuss some representative models of x, ab
non-Newtonian forces which illustrate how an exponen- M-aB-LI1 c - - (2.7b)

tial potential could arise in specific theories. As we have mH

already noted, the possibility of two nearly canceling Yu- Here m. (md) is the mass of the u (d) quark, and x << I
kawa potentials has been investigated by a number of au- is a parameter which represents the fraction of the time
thors, including Goldman, Hughes, and Nieto' 3 (GHN). that the operator (mjIu +mddd) contributes to the
These authors and others' 8 note that in simple phenome- binding energy c, rather than to o, or 6. Theoretical ar-
nological theories the exchange of a vector (JP I ) guments suggest that the term proportional to x can be
leads to a repulsive force, whereas scalar (JP=O+) ex- neglected, and if we temporarily assume that 6=0 as
change gives an attractive force. If the vector and scalar well, then (O@') in Eq. (2.7b) can be written as
fields were in turn related by some higher symmetry, such
as supersymmetry, then the masses and couplings of these (NJO' 1 B (2.8)
fields might be sufficiently close for a substantial cancella- - ,
tion to take place. However, in order to arrive at an ex-
ponential potential the masses and coupling constants where we have written M-=MmH. One can form an
must satisfy Eq. (2.1) and whether this can happen in infinite number of charges by taking linear combinations
such theories is not known. of (E0,:) and (T',), and from Eqs. (2.7) and (2.8) these

A less obvious, but potentially more interý.sting, mech- charges will have the form
anism for producing an exponential potential is to consid-
er the cancellation between two scalar fields, rather than
between a scalar and a vector field as above. Ordinarily Q(y)=M I-y B (2.9a)
the exchange of a scalar field coupling to a simple charge - j1
such as baryon number or lepton number gives rise to an
attractive force as we have noted previously. However, where
several models of weak gravitylike forces have been pro-
posed recently in which a scalar field couples to a "coin- Q =a0(0,) +a7( T•I) , (2.9b)

32



462 FISCHBACH, TALMADGE, AND KRAUSE 43

and where the "mixing parameter'" y is given by Consider now the interaction of test masses I and 2 in the
presence of the potential that would arise from charges

a [m (2.9c) Q. and Qb in Eq. (2.9) corresponding to mixing parame-

aq+a- m• • - tersYa andyb:

r~m 1 ~ J A JJ efbmr2  r l~ _ J~ Yb 112
(2.10)

At this stage, we can reinstate the contribution from I1 by letting B/*-- B14u + (6 /2a )A =4 q- The potential energy
in Eq. (2.10) can then be rewritten in the form

mira2  -nlA -r/Ab mira2  -

V()- (e a+e b)--Gg- •--[-(q, +q 2)(yoe-'/'" +ybe-'/%)
r r

2-n/•A 2-/•
+qlq 2 (y e +ybe )2 . (2.1)

I

The first term in Eq. (2.11) is composition independent, where g-B/I* and F=-L/4*. As before we can regroup
and hence leads to the usual phenomenology for mine the terms in (2.14) to give
and/or borehole and tower measurements, but with a f _,/- _//s 1
modified spatial dependence. The remaining terms in V'(r) =b• f 2 e ef2
(2.11) will also contribute to composition-independent r r
effects, but they are of particular interest here because of
the composition-dependent effects to which they lead. fb"+ 2) e2Zb e
The term proportional to (qI +q 2 ), which arises from the r r
interference of the two components of Q (y) in Eq. (2.9a),
will lead to an exponential potential whenever Y. - +[,[ I,2_2 e +fb2 2 .(1)

Since ya and yb can be fixed by an appropriate choice of r b r r

the constants a 6 and aT, a model based on the PW Since a
charge can lead to an exponential arising from scalar ex- tional zt and b can have opposite signs, the term propor-
change. to (9 11T +b 2 ti) can give rise to an exponential po-

Another example of how an exponential potential tential for appropriate values of f2 and fi. We note that

could arise from scalar exchange follows from the model here, as in the PSW model, the exponential arises from

of Halprin, Barnhill, and Barr2° (HBB). These authors the cross terms that are characteristic of scalar exchange

consider a weak force mediated by a gauge-singlet scalar in such models.

field X which has no direct couplings to light quarks or
leptons, but which acquires an effective coupling by mix- i11. PHENOMENOLOGY

ing with the usual Higgs field 0. In such a theory the IN THE EXPONENTIAL MODEL

analog of the charge Q in Eq. (2.5) becomes We discuss in this section the mechanisms by means of

Q a (B -0.03L), (2.12) which the exponential potential changes the phenomeno-
logical interpretation of the existing composition-

where B and L denote baryon number and lepton num- dependent experiments. Since the present status of
ber, respectively. This theory can be generalized by in- composition-independent searches for non-Newtonian
troducing the coupling of a field j to two Higgs-doublet gravity is somewhat unsettled, the implications of the ex-
fields J, and i2- If j couples to the combination ponential model for such experiments will be considered
ý,sina+ 2cosa, then the charge Q in Eq. (2.12) becomes elsewhere. Starting with Eq. (2.3) the sum of the
a function Q Q(z [a]) of the mixing parameter a such Newtonian and non-Newtonian contributions can be
that written in a form analogous to Eq. (1.3), but with G(r)

now having the form

Q(z(a--0))oB-0.2L, Q(z(a=ir/2))ocB+0.3L . G(r)=GE(r)=G. -- g IQ1--

If two fields k,, and fb exist, which to lowest order couple X I

to 4, and ý2 but not to each other, then the resulting po- X [r2e-l . (3.1)
tential V'(r) will have the form I k J

- rl/.

,(r)= f.2 ePAU (E+ Z)(+ Z.) Comparing Eqs. (1.3) and (3.1) we see that in both cases
r the non-Newtonian effects vanish for r--* oo as expected.

-2 /Ah However, for the exponential force, the non-Newtonian

+f er (S+Zb?),(b+zb?)2 , (2.14) effects become negligible as r---O, in contrast with the

r 33
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Yukawa case where they do not. It follows from Eq. (3.1) 25 -- Ind" (a)
that the exponential force leads to a suppression of the 20 ---- Seattoe
non-Newtonian contributions from sources located at
separations r <<A. from the detector. Thus a laboratory i 15
experiment utilizing as a source a sphere of radius R 2 10
would be reduced in sensitivity by a factor of order

(R /.) 2 compared to what would be expected from a Yu-
kawa potential. For typical values of R and X, e.g., R = I -L-
m and XA=1000 m, we have (R/ / )2 = 10-6. Since the 0 .................

O(46) correction term in Eq., (2.1) becomes important
when (r /X)2 Z 8 (see Appendix A), an additional Yukawa 8

contribution can arise whose strength is of order f 2 (e6), 8 (b)

and which does not vanish as r--0. A reasonable upper 6
bound on 6 is aem/nr'2 X 10-3, which is the largest small
parameter that naturally appears in perturbative theories. 4
It follows that laboratory experiments are suppressed by
a factor of either (R /4) 2 or 6, depending on the values of a 2
X and 8 and on the dimensions of the source ( - R). Since
constraints on a possible coupling to I. come primarily 0
from laboratory experim ents, 2' there are no significant ----....................

constraints on the strength ý, of such a coupling for A Z 10 -102 I

m in the exponential model. X (i)
For an experiment utilizing a large source (R IA Z 8),

the exponential contribution dominates. Experiments FIG. 1. Field strengths for the Index and Seattle sites, in
with large man-made sources have been carried out by units of mgal = 10 5 m s 2. At each site, the north and east
Thieberger 22 and by Bennett, 23 but the most stringent components are plotted separately. (a) Yukawa case [Ory( .)],

tests of the exponential model come from the cliff or hill- and (b) exponential case ,0 f:)].
side experiments of Thieberger,24 Adelberger et al.,2s
Boynton et al.,26 Fitch et al. ,27 and Bizzeti et al. 28 To
evaluate the intrinsic strengths 9rE(r, A) of the various
geophysical sources in the exponential model, one can ei- 1U(Index)I/I7(Seattle)I is larger, varying between 2.1-±0.2
ther directly integrate the point source expression given (at A m2000 m) and 6.2±0.2 (at A 0 5970 m). In each
in (2.4), or else start from the corresponding results for model the direction of 5 changes as a function of A for
g)y(r, A) for the Yukawa model (if known) and use both Seattle and Index, but this variation is considerably

greater for the exponential model than for the Yukawa.
a1ry(r,A.) The phenomenological differences between the Yukawa

9rE(r, A)a a-k (3.2) and exponential models result from the characteristic
functional forms for Gy(r) and GE(r) in Eqs. (1.3) and

To study the differences between the exponential and (3.1), and lead to different weightings for the contribu-
Yukawa models for large sources, we have analyzed the tions to 3 from matter at a given distance from the detec-
experiments of Adelberger et al.2 (Seattle), and Boynton tor. We note specifically from (3.1) that the maximum
et al.26 (Mt. Index), which have the greatest intrinsic sen- deviation of G.(r) from the Newtonian result occurs at
sitivities among the hillside experiments. The surface ter- r =24, whereas for the Yukawa model it is at r=0. It
rain surrounding each site was modeled in a series of follows that in the exponential model the source strength
grids of different scales, which varied in size from 50 I17I for a particular site with a large matter distribution
m X 50 m to 500 m X 500 rn depending on the topography at ( r ) = 2, may be enhanced relative to that at another
and on the distance from the experimental site. The grids site with a different matter distribution. Moreover, this
contained 5653 squares at the Seattle site, and 5246 effect can be even more dramatic in the variants of the
squares at the Index site, corresponding to a total area of exponential model which we now discuss.
approximately 30 kmX 30 km surrounding each experi- Just as the simple exponential model is an interesting
ment. For each square, the maximum and minimum limiting case of two nearly cancel z Yukawa potentials,
elevations were recorded, and these were used to estimate there are generalized exponential models which are the
the error arising from the discretization of the topogra- limiting cases of several canceling Yukawa potentials.
phy. Our results, which were obtained from Eqs. We can parametrize these in the form
(B15)-(B22), are shown in Figs. 1(a) and 1(b). These
figures exhibit the north and east components of the
source strength I r + e as a function of A. "e -r

In the Yukawa model 17(Index)I/I7(Seattle)I varies from V' A A(r)=(G mtm2)9qtq2

2.6±0.7 (at A= 100 m) to 4.2±0.4 (at 42K 1060 m). How-
ever, the same sources appear quite different in the ex-
ponential model, as %e see from Fig. 1(b). For this model n =0, 1,2,..... (3.3)

34
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G (r) = G'")(r) It follows from Eqs. (3.5) and (3.6) that since
1F'(r =2k)=O0, t he vanishing of F' at intermediate r could

= I + g. q~ IL I 2n - e r /A (34) conceivably arise from a relatively simple mass spectrum.
=G J I - e/ , To quantitatively study the phenomenological implica-

tions of forces which vanish at intermediate r, consider
where the ,, are appropriate constants. We see from V°" "in Eq. (3.3), and the four-component potential in Eq.
(3.4) that for n > I the deviation of G")(r) from the (3.5). We calculate 151 for an observer on the axis of a
Newtonian value G. vanishes not only at r=0 and cylindrical source (length =radius=R) at one end cap,
r -- w, but also at r = n 4. This is a novel feature of such and compare these results to the corresponding Newtoni-
an interaction, which has interesting experimental conse- an, Yukawa, and exponential contributions (see Appen-
quences. Since G""(r) has extrema at r =( I+n dix B and Fig. 2). We see that for the cylindrical source
± V I +•-n )R, and changes sign in going from r < n. to all of the generalized exponential models are suppressed
r > n•X, it follows that even an experiment with a large at small x -R /A. At large x, however, all finite-range
geophysical source might fail to detect the presence of models (including the Yukawa) converge to the same lim-
V1"'(0r), due to fortuitous cancellations in the source con- it. This implies that when the characteristic size is much
tributions (see below), greater than 4, the interpretation of large scale experi-

It is clear from the preceding discussion that if the ments, such as the Galileo free-fall experiments, 29' 0 is
non-Newtonian force were described by the potential in essentially model independent. Most interestingly, the
Eq. (3.3) with n > 1, our view of the current experimental n = I results show that in some models an observer adja-
situation could be quite different from what it is in the cent to a macroscopic source could fail to detect the pres-
conventional Yukawa formalism. It is thus interesting to ence of a non-Newtonian force (in this case for A .2.9),
note that the sum of a small number of primitive Yukawa even though V`' '(r)•O0. The fact that this does not
terms can in fact lead to an expression for G(r) having occur in the four-component model further underscores
the property that AG(r)--[G(r)-GJ ] vanishes at some the sensitivity of the final results to both the nature of the
intermediate value of r. As an example, consider the source and to the detailed model of V'(r).
four-component potential

V'(r)f 2 Q1 Q2  e e IV. SUMMARY

I 2 r r To summarize, we have shown that the exponential po-
+Ie-m"" e _ ' r tentials in Eqs. (2.3) and (3.3) can arise from simple rood-Se d , (3.5) els, and that the phenomenological implications of such

r r J couplings can be quite different from those of the conven-

where m, =m (I -c/2), mb =m (1 +E/2), tional Yukawa. Although the exponential model cannot

m (! +K)( 1 +e/2), md m (1 +.K)( -E-/2), with reconcile the existing (conflicting) data, it is clear that the

E,K <<I. Expanding (3.5) in E and K, and setting .= I/m, comparison of experimental results using different

we find for the force sources (both geophysical and laboratory) is highly model
dependent. Hence by analyzing experimental data in

F'(r)- -?f 2QIQ2EK(2-r/)e-r/11.X2 
. (3.6) terms of both a Yukawa and an exponential, we are in

effect exploring the implications of a much broader class
of interesting models.
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APPENDIX A: EXPANSION

10 OF TWO YUKAWA POTENTIALS

10-1 100 101 We present in this appendix some additional details of
x the exponential model. 1 As noted in Sec. II, the ex-

FIG. 2. Comparison of normalized field strengths ponential model arises as the limiting case of two nearly
=r Ir(A)I = jr(X.)/21rpG, of the Newtonian (inverse-square), canceling Yukawa potentials, when the masses and cou-

Yukawa, and exponential models, along with the n= I model in pling constants satisfy Eq. (2.1). To clarify the relation
Eq. (10) and the four-component model of Eq. (12). The between Eq. (2.1) and the exponential model, we write the
strengths are plotted versus x =R A. for an observer on the axis non-Newtonian potential energy V'(r) arising from the
of a cylindrical source (radius = length = R) at one end cap. sum of two Yukawa contributions in the form
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m"r1) 2  g= Q2J 4 =(l+e6/2), e=-(+-b)/ ,

X g e ( =A(l+/2), X=(k.U+Xb)/2 , (A2)

Xb =A(I -e/ 2 ), E=(,A -- b)/.

fhere by hypothesis the two contributions are assumed q, =Q, 11A, i = 1,2
Sinterfere destructively. To incorporate the content of

ýq. (2.1) we first simplify our notation by writing Assuming 8,E << I as before, we find, upon expanding Eq.
)(E)-, eand O(E6)---,6, and we then define (A1),

-#,/4 e I/J 3r r r3  
'' I er +2 e3 ,

ml-qq2 r i+4 2 L 4 4 6L

+- +I I-- -Il - - -

161 2- 2k2  24k' X 16 1 k 2  6X' 120.. I k (A3)

rhis expansion can be reexpressed in the form APPENDIX B: CLOSED-FORM SOLUTIONS

gG m m 2qq 2v 1"V(r) In this appendix, we present closed-form solutions to

_,/A the non-Newtonian fields for both the Yukawa and ex-
Ss, () - a, J (A4) ponential models.-" We begin by defining these quanti-

if I ties in terms of the differential acceleration between two
test masses. From Eq. (Al), we have

Since 6 and E are assumed small, we need only consider

the dominant contribution to each a, in Eq. (A4) above.
For n _> 0, we then obtain 4a-- V V'(r)

m1 rn2

E even =,-EqsAqDo[• (r,X)+ U(r, .) , (BI)

2"(n + I)!a.•- • (AS)
n odd . where S and D refer to the source and detector, respec-

2+ +in ' d tively, and-"

We can show that only the n I= - and n=0 contribu- g dr G p(r') r-r'
tions need be considered for present phenomenological •r(r,0)= fdJ

purposes. We do this by noting that for n=even a,, will k' r jr-ri

become comparable to ao when X I,+ Irr"J - - ,/(B2)

2"(n + I)! ' uyr,k.)
•F(r,X.)=X •

at which point " X

-- 2[(n + d3r' G p(r') r-r' e - (B3)So = sj = X-exp I- f I) y 2  r-r

Even for E= -L and n=2, at the value of r/A where Using Eq. (B3), we can obtain closed-form expressions for

F,--s,, exp( ) is on the order of 10-22; for E •-,, exp( ) is 5r(r,.) when closed-form expressions for 9y(r,.) al-

an the order of 10 221. The analogous terms in the ex- ready exist. In the examples we consider below, the massponential decrease even more rapidly for n=odd. We distribution is assumed to be chemically homogeneousponetia dereae evn mre apily fr nodd We and of constant density p.
conclude that the phenomenology will be dominated by (i) Point mass. We have
the n = - I term for r/A <• , and by the n=0 term for all
)ther values of r/A for which V'(r) is non-negligible. r ler-lA
V'(r) is then given to the required accuracy by gy(r, A.) =-rG M 1 + - 2 '(4)

V'(r) -eG,_mIm 2qIq2  e + e - . (A8) where M is the source mass, and r is the distance fromI X Athe source to the detector. Hence
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e- l and

in agreement with Eq. (2.3). In comparing Eqs. (B4) and R(rX)==G=M f +3R 2---e2
(BU), we note that for r <<« the exponential force is
suppressed relative to the Yukawa force, since the point ~GýM-LI +I+ I e I3sinh(r A)~mass is always (effectively) a distance X away from the rM i+-R- 2 r/A "
source. This is the origin of the short-distance suppres-
sion of the exponential force which we have discussed (B!1)previously.(ii) Spherical mass distribution. We consider the case (iii) Cylindrical mass distribution. We consider hereof a test object located a distance r from the center of the case of a test object located along the symmetry axismass of a spherical mass distribution of uniform denty of a cylinder of uniform density p, radius R, and lengthwith mass M and radius R. For r > R we have' L. We also choose z=O to occur at one end and define zto increase away from that end. We then have

rI en 40 Ri 
_~ +2/, -J-ulr(r,l=?G MM I+ - (B6) rl(r,XA=)z21rpG=,e-(e V -e+z 2,-e-lzl/•z:'=z+L

I X r2  X
O =3 (B12)*(x)= (x coshx -sinhx) (B7) and

Since___
n E(rX)=•2irpGA[( VR- ez' 2/A+ I )e - Vt 2+z 2/

.(R/A ) =3)(R/A)- 3 sinh(R .A)X A RI ' (Bg) -(IzIIX+I)e-z•"'I]I-+L.

we find (B113)

I 1 + ]e-/XIR1 For purposes of comparison, the gravitational accelera-
E(rX)=rGM 1+3-L+3- e--- tion g for this configuration is given byr r2 L

e'/M + 3 sinh(R/A) g(r)= -121rpG. (V'R +z -_Iz})Jz:=zL ( B14)

J r2  RI A . (iv) Parallelipiped mass distribution. We finally consid-
(B9) er the case for a parallelipiped whose edges are aligned

Forr <R, along the I, -, and I axes, and whose extent is given byvertices located at (xo,yo,zo) and (x,,y 1,z,), with
..r I+ R e-R/ A -r x°<x1, yo<yi, z°<z 1. (The more general case can be

r(r,k)=GM- + --- 2 -- (BIO) obtained from the results presented here by three-R JR 2  1k Jdimensional rotations about the appropriate axes.) Then

[(ypGk (-1) i •i@ s(Ax,,AY,,AzQ,;)+y4zis A(Ayi,Az,Ax.;X)+zQs(AzAxy;)]
2 ij~ x Sz=0zAiAj,)

(B15)
where Ax, =x -xi,.... and 4bQs(x,y,z;A) is given by

* Qs(x,y,z;XL)=Os(x/X,y/X;Oo)+4,(x/X,z/A;Oo) (y <0, z <0) (B 16a)

-. (xlL,ylA; 0 o)- 6-(x/A,z/A;Oo) (y <0, z >0) (B I 6b)
=6(x/A, z/A;;') - (x /X,y/A; 0o) (y > 0, z < 0) (Bl16c)

=4e- X -/A '(xlA, ylA;o0) - 0',(x/A, z/A; 0') (y > 0, z > 0) (Bl16d)

and where - (B18)

2 0 /

Bo=[arctan(z/y)I , (B17) •(a,';0) f dO exp( - Va 2 +f 2sec 26') , (B19)
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Non-Newtonian Gravity and New Weak Forces:
C)

an Index of Measurements and Theory 0

0)

E

E. Fischbach, G. T. Gillies, D. E. Krause, J. G. Schwan and C. Talmadge

Abstrat. The precise measurement of weak effects plays a pivotal role in metrology and in the determination of the
fundamental constants. Hence, the possibility of new weak forces, and the related question of non-Newtonian beha-
viour of the gravitational force, have been of special interest to both measurement scientists and those involved in pre-
cise tests of physical laws. To date there is no compelling evidence for any deviations from the predictions of
Newtonian gravity in the nonrelativistic weak-field regime. A significant literature on this question has developed over
the past few years, and a host of experiments and theoretical scenarios have been discussed. Moreover, a very close
relationship exists between the experimental methodologies used to determine the absolute value of the Newtonian gra-
vitational constant G, and those employed in searches for new weak forces and for breakdowns in the inverse-square
law of gravity. We have therefore prepared a new index of measurements of such effects, using the original bibliogra-
phic work of Gillies as a starting point, but also including citations to the appropriate theoretical papers in the field.
The focus of the present version of the index is then studies of the "fifth force", measurements of gravitational effects
on antimatter, searches for a spin-component in the gravitational force, and related phenomena.

1. Introduction her of experimental and theoretical results eventually led
Fischbach et al. [6] to reanalyze the classic experiment of
E_,tv6s, Pekr, and Fekete [71 (EPF) which compared the

During the past several years interest in the possibility of accelerations of different pairs of materials to the Earth.
deviations from the predictions of Newtonian gravity has Fischbach et al. observed that the experimental results of
increased significantly, motivated by both theoretical and EPF could be interpreted as suggesting the existence of a
experimental considerations. On the theoretical side, a new weak intermediate-range force, whose presence
number of workers, most notably Fujii [1) and Scherk [2), would lead to apparent deviations from the predictions of
stimulated inteest in this question by demonstrating that Newtonian gravity.
various models suggest the existence of new weak inter- Since the publication of [6] a large number of experi-
mediate-range forces coexisting with gravity. These forces mental and theoretical papers have been written which
shaie with gravity the property of acting over macroscopic explore in various ways the possible existence of new
distances but, unlike gravity, their effects are negligible weak gravity-like forces. At present there is no compelling
beyond some characteristic distance k (called the range) evidence for any deviations from the predictions of
from a source. As we discuss in more detail below, the Newtonian gravity in the nonrelativistic regime (i.e. for
combined effect of such a finite-range force and gravity is systems where general relativistic effects are negligible).
a net gravity-like force whose overall strength depends on The present bibliography is an attempt to collect in a
the separation r = I F - F.I of two test masses i and j, and single place all the relevant literature on such forces. To
thus leads to deviations f"om the expected l/# force law. understand the relationships among the various papers, as

Stimulated by these ideas, experimental studies were well as the criteria we have used in compiling this biblio-
undertaken in the 1970s and 1980s to search for deviations graphy, the following simplified phenomnenological intro-
from the i/r 2 law. A detailed history of these efforts is duction may be useful. The presence of a single new field
contained in a number of recent reviews [3, 4, 51 to which of mass m gives rise to an additional Yukawa potential
we refer the interested reader. The accumulation of a num- proportional to exp (- rA) Ir, where X = A/fic. This poten-

tial modifies the Newtonian interaction so that the new

E. Fischbach, D. E. Knume J. G. Schwan ad C. Tahnadge: potential describing the interaction of masses mi and mj
Deparmnew of Physics. Purdue Univerity, West Lafayette, assuies the form
IN 49707, USA.

G.T. Gillies: Deutmnent of Nuclear Eni -ngineering -

Physics, J. W. Bemms Labstofy of Physics. Univesity of P (r)- -- G j 0 +age-'/.
Virginia, Chauloaesvile, VA 2290, USA. r 215
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-4 Here G. is the Newtonian constant of gravity (in the limit the /1- A' system. New forces can also manifest them-
r --+ -), and a is a constant which characterizes the selves via spin-dependent couplings, and papers on this
strength of the new interaction relative to gravity, topic are denoted by SD. We have classified papers
Differentiating (I) we find for the corresponding force, depending on whether they are primarily experimental

"(E), theoretical (T), or phenomenological (P), the final
P•(r)=_1VV(r)=-G m' MJi [l+a( +r/)e_)__ labelbeingone we usetocharacterizetheoreticalpapersr 2 analyzing data. Where a paper quotes a new experimen-

_G(r) mi ji (2a) talresultoratheoreticallimit, wehavedenotedthis bya
r 2 '+ sign. Summaries of the existing data, along with des-

G (r) = Gý, I[ + a (I + r/A) eF-. (2b) criptions of the techniques that have been used, are given
in [4] and [5].

We see from (2) that the effect of the new interaction is to In addition to these pnimary classifications, we have
replace the Newtonian constant G_ by the function G(r) also noted whether an experiment utilizes a laboratory
in (2b). It follows that tests of the constancy of G(r) as a source (L), a geophysical source - e.g. a cliff - (G), a lake
function of r, i.e. tests of deviations from a simple Ir (LK), or an astrophysical source (A). For theoretical
law, ae also direct tests of the presence of new couplings, papers presenting models of non-Newtonian effects, we

In the form of (2), which is that suggested by Fujii [ 1 have denoted by AG those in which the model is essential-
and others, cE is a universal constant determined by the ly an alternative theory of gravity, and by FI those for
coupling strength of some new quantum to matter. The which the starting point is a new fundamental interaction
work of Fischbach et al. [6] focuses attention on the fact such as the "fifth force". In addition, theoretical or experi-
that in many theories ct is not a universal constant, but mental papers dealing with high-energy or elementary par-
depends instead on the compositions of the test masses i ticle systems are denoted by H. Finally, REV denotes a
and j. In the original "fifth force" model of (61, a is review paper, and INT indicates an introductory or ele-
given by mentary exposition. We recognize that these distinctions

are sometimes subtle and not always well-defined, and
( ) • en" the labels attached to each paper are only meant to

B / Bj (3) supply a general indication of its contents.

We have been guided by a number of criteria in

where • = f 2/G.. m2 expresses the strength of the new selecting the papers included in this bibliography. As
interaction in terms of a new constant f, which is the ana- explained above, our focus has been on the search for new
log for this interaction of what the electric charge e is for weak forces, particularly the hypothesized "fifth" force
electromagnetism. Here Bi denotes the baryon number first proposed in 1986. We have thus included virtually all
(the number of neutrons and protons) in the sample i, and papers published on this subject since January 1986. In
lti = m/m,, where m, a m (,H') is the mass of atomic selecting papers published prior to 1986, we have limited
hydrogen. Since (Bi/.Li) varies from one material to ourselves to those which can be viewed as the direct ante-
another, %. is a function of the compositions of the inter- cedents of the current searches for non-Newtonian gravity,
acting materials. It follows that the accelerations of two such as the seminal papers by Fuji. With very few excep-
samples j andj' towards a common source i depend on the tions we have thus excluded papers already cited in the
(generally unequal) constants cxii and ai1 . If i denotes the comprehensive bibliography by Gillies [81 dealing with
Earth, then the accelerations of j and j, towards the Earth the dependence of G on various external influences (tem-
depend on their compositions, and this is what the Edtvos perature, shielding, etc.) which can also be interpreted as
experiments set out to measure. searches for non-Newtonian gravity. Moreover, given the

It follows from the preceding discussion that the re- focus of our effort, we have chosen not to include papers

sence of a new intermediate-range weak force can be aimed primarily at redeterminations of the absolute value

detected either through the modification of the usual of G, or the other classical effects discussed by Gillies, as

inverse-square law for the net force, and/or through a these will be the topic of a separate updated report. It is
thus our intention that the present work be viewed as corn-S composition-dependence of the net acceleration. (The lat-

ter effect is often referred to as a violation of the Weak plementing and updating that of Gillies which, coinciden-Equialece rinipleor f te uivesaliy o fre fll) tally, was completed just as interest in the "fifth force"
Equivalence Principle or of the universality of free-fall), was beginning. We have also excluded the area of gravita-Although in principle both of these effects are always o ne- iorantework of Cean sver sr and W e
sent, in practice experiments are usually designed to iso- tional effects on quantum systems, most notably thelate one or the other of these manifestations of non- ipratwr fClla vrasradWmr[]
NWwbecause the extensive literature that has grown up in thisSNewto nian gravity. When approprit we have therefore arag ni ey: Q ; nid xof ts w .Fnly, e
classified the papers in this bibliography according to area genuinely warrants an index of its own. Finally, we
whether they deal primarily with tests for composition- have not included papers dealing with the deviations from
dependent effects (denoted by CD), or with tests of th Newtonian gravity implied by general relativity, which are
inverse-square law (IS). Forces which give rise to compo- covered in excellent reviews by Will [101, or papers rela-
sition-dependent effects in bulk matter will generally ting to the time variation of G.
affect matter and antimatter differently, and references on We acknowledge that our choices for the papers to be
antimatter are denoted by AM. In this category we have included in this bibliography are necessarily somewhat

216 also included, for obvious reasons, papers dealing with arbitrary. We also recognize that there are papers which
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should properly be included, but of which we are simply 4. Adelberger E. G., Heckel B. R., Stubbs C. W., Rogers "
unaware. We therefore apologize in advance to all our col- W. F., Annual Reviews of Nuclear and Particle I
leagues whose papers we have inadvertently omitted. It is Science, 1991,41,269-320. 1
our intention to update this listing, and we therefore 5. Fischbach E., Talmadge C., Nature, 1992, 356, 207- I

request that any suggestions for papers to be included be 215.
brought to the attention of the authors. Finally we wish to
thank Sam Aronson and Lisa Schwan for their help in 6. Fischbach E., Sudarsky D., Szafer A., Talmadge C., .
compiling this bibliography. Aronson S. H., Physical Review Letters, 1986, 56,

3-6.
7. Edtv6s R. v., Pekir D., Fekete E., Annalen der Physik q

(Leipzig), 1922,65, 11-66.
Selected References 8. Gillies G. T., Metrologia, 1987, 24 (Suppl), 1-56.

9. Colella R., Overhauser A. W., Werner S. A., Physical
Review Letters, 1975, 34, 1472-1474.

1. Fujii Y., Nature (Physical Science), 1971, 234, 5-7. 10. Will C. M., Theory and Experiment in Gravitational
2. Scherk J., Physics Letters, 1979, 885, 265-267. Physics, Cambridge, Cambridge University Press,
3. Fischbach E., Sudarsky D., Szafer A., Talmadge C., 1981.

Aronson S. H., Annals of Physics (NY), 1988, 182,
1-89. Received on 28 June 1991.
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131 136 138 141 Inverse-Square (IS):
142 143 144 145
146 147 148 149 5 9 15 24
150 151 161 167 25 26 27 40
168 176 183 185 45 46 52 53
187 188 189 194 54 55 56 57
195 196 197 198 61 75 95 98
199 200 201 209 102 103 105 108
214 215 216 217 110 111 112 113
218 219 220 221 115 119 120 121
222 223 224 225 122 125 136 137
226 227 228 229 138 139 143 148
233 234 246 247 149 151 152 157
248 249 252 254 161 170 177 178
255 259 263 284 179 180 181 182
288 289 312 315 184 187 191 194
325 332 334 335 195 197 198 199
336 338 339 340 201 207 208 215
362 367 377 393 219 220 224 225
396 397 398 399226 227 228 230
400 407 410 411 232 239 240 241
414 415 416 417 242 243 240 245
418 419 420 421 248 251 259 260
422 430 438 445 248 251 259 26046 50 49 42263 281 284 288
446 450 459 462 309 319 321 322

491 497 498 513 323 337 341 344
521 522 523 524 345 346 347 348
525 527 528 538 355 357 358 363

539 540 551 555 364 375 383 384

561 562 573 602 387 388 390 391

603 608 609 616 401 402 404 405

618 622 634 665 412 413 417 424

666 668 670 671 429 435 436 437
672 673 674 688 439 441 442 443
691 692 694 695 444 448 450 458
696 697 698 699 463 466 470 471
700 701 702 709 472 480 485 486
710 711 712 713 487 488 489 490
714 717 720 721 500 504 505 506
722 723 724 725 510 511 512 513
726 728 737 746 514 515 516 517
752 753 756 760 520 526 527 549
771 772 773 774 553 555 556 557
775 779 784 558 559 560 565

566 567 569 571 257
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S573 574 575 576 51 60 64 65
580 581 582 589 66 78 80 83
595 596 597 600 97 99 100 104
601 605 615 616 105 113 114 116
619 620 623 626 117 123 132 153

S627 628 633 636 159 168 169 173
638 639 640 641 186 200 202 203
648 649 654 655 204 205 206 211
656 657 658 659 212 213 214 238
663 669 670 671 239 240 241 244
672 675 676 677 250 252 253 254
678 679 680 681 256 257 258 263
682 683 684 685 267 268 270 273
686 687 688 689 272 273 274 275
690 691 692 697 276 277 278 279
700 701 706 711 281 287 290 291
712 713 714 715 292 296 297 298
716 717 729 730 29 300 301 302
731 732 733 734 303 304 308 309
737 740 741 742 336 317 326 327
743 748 757 761 329 330 331 332
778 781 782 785 342 343 349 354
786 787 788 790 359 360 361 362
791 792 793 363 364 365 376

381 386 392 405
423 426 427 430
431 432 440 449
450 469 470 471

Antimatter (AM): 472 518 520 541
542 543 544 545

13 14 18 19 548 549 550 552
20 21 29 30 563 564 577 585
36 32 60 64 586 590 591 592
36 37 60 64 593 599 628 638
67 68 69 70 639 640 641 646
81 83 84 14660 705 712 713

106 116 117 123 718 739 745 747

133 140 155 166 748 756 757 764

174 175 190 192 780 789

193 195 212 213

215 219 220 261
262 264 269 296
297 298 299 300 Alternative Gravity (AG):
301 302 303 304
305 306 308 318 44 59 85
320 324 350 351 108 125 126 127
352 353 360 361 128 134 135 156
362 366 369 370 158 162 163 164
371 372 373 374 165 170 210 235
376 379 382 389 242 243 245 264
395 428 433 434 265 266 267 268
"7 460 507 508 280 295 307 328

S509 518 541 546 333 368 380 386
547 552 554 555 408 425 461 467
570 583 592 593 468 473 474 475
617 642 643 64 476 477 478 479

. 653 703 704 707 481 482 483 491719 738 767 768 492 493 494 495
769 496 497 498 499

568 587 588 594
606 607 624 629
630 631 632 635

Fundamental lnteractiom (Fl): 645 647 661 662
664 667 693 718

28 29 30 31 727 744 750 770
33 34 41 42 776 777 783 788
43 47 48 49 790

258
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ibrductory (INT):

35 38 57 82
129 171 172 236
237 304 314 403
406 409 501 502
529 551 598 625
637 650 651 652
708 735 736 751
754 755 765 766

Review (REV):

5 7 8 9
15 61 75 102

121 136 137 138
143 149 151 160
167 194 195 198
199 224 225 226
231 234 259 282
283 284 285 286
313 320 378 394
417 433 434 451
452 453 454 455
456 457 519 537
546 548 555 570
572 573 583 584
610 621 660 663
672 685 688 691
692 697 700 701
727 737 759 762
763

259
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-a Addendum Fermi, Course LVI, (Edited by B. Bertotti), New
% York, Academic Press, 1974, 496-514. Topics:

Since submitting the original version of our biblio- SD,FI,T
graphy, we have received numerous suggestions for 12. Peres A., "Test of the equivalence principle for

" additional papers to be included, and most of these have particles with spin", Physical Review D, 1978, 18,
been incorporated into the preceding text. However, we No. 8,2739-2740. Topics: SDAG,P
have also decided to include in proof a number of papers 13. Pradhan T., Malik R. P., Naik P. C., "The fifth inter-
related to spin-dependent effects, and these are listed action: universal long-range force between spins",
below. Although they could not be cross-referenced in Pramana, 1985, 24, No. 1, 2, 77-94. Topics:
the index, we hope that their inclusion here will serve to SD,F1,T
make this bibliography more useful. 14. Stueckelberg E. C. G., "A possible new type of spin-

I. Aleksandrov E. B.. Ansel'm A. A., Pavlov Yu. V., spin interaction", Physical Review, 1948, 73, No. 7,
Umarkhodzhaev R. M., "A restriction on the 808. Topics: SDP
existence of a new type of fundamental interaction 15. Vasil'ev B. V., "Concerning the gravitational
(the 'arion' long-range interaction) in an experiment moment of the proton", JETP Letters, 1969, 9, 175-
on spin precession of mercury nuclei", Soviet 177. [Translation of ZhETF Pis. Red., 1969,9, No. 5,
Physics JETP, 1983, 58, No. 6, 1103-1107. 299-301.1 Topics: SDXE,.
[Translation of Zh. Eksp. Teor. Fiz., 1983, 85, 1899- 16. Velyukhov G. E., "Searches for the gravitational
19061. Topics: SD,E,+ moment of the proton". JETP Letters, 1968, 8, 229-

2. Ansei'm A. A., Uraltsev N. G., "Long-range 'arion' 232. [Translation of ZhETF Pis. Red., 1968, 8, No. 7,
field in the radio frequency band", Physics Letters, 372-375.] Topics: SDE,+
1982, 116B, No. 2, 3, 161-164. Topics: SDP 17. Young B. A., "Search for a gravity shift in the proton

3. Ansel'm A. A., "Possible new long-range inter- Larmor frequency", Physical Review Letters, 1969,
action and methods for detecting it", JETP Letters, 22, No. 26, 1445-1446. Topics: SD,E,+
1982, 36, No. 2, 55-59. [Translation of Pis'ma Zh.
Eksp. Teor. Fiz., 1982, 36, No. 2, 46-49.1 Topics: In addition, there are several very recent papers which
SD,P we include here for the sake of completeness.

4. Ansel'm A. A., Neronov Yu. I., "Restrictions on the
existence of spin-spin coupling of nonelectro- 1. Atiya M. S., Chiang I.-H., Frank J. S., Haggerty J. S.,
magnetic origin in experiments on the measurement Ito M. M., Kycia T. F., Li K. K., Littenberg L. S..
of the gyromagnetic ratios of the proton and Stevens A. J., Sambamurti A., Strand R. C., Louis
deuteron", Soviet Physics JETP, 1985. 61, No. 6, W. C., Akerib D. S., Marlow D. R., Meyers P. D.,
1154-1155. [Translation of Zh. Eksp. Teor. Fiz., Selen M. A., Shoemaker F. C., Smith A. J. S.,
1985,88, 1946-1949.] Topics: SD,E,+ Blackmore E. W., Bryman D. A., Felawka L.,

5. Hari Dass N. D., "Test for C, P, and T Kitching P., Konaka A., Kuno Y., Macdonald J. A.,
nonconservation in gravitation". Physical Review Numao T., Padley P., Poutissou J.-M., Poutissou R.,
Letters, 1976,36, No. 8,393-395. Topics: SDFIP Roy J., Turcot A. S., "Search for the decay no -+ y +

6. Hari Dass N. D., "A new spin test for the X", Physical Review Letters, 1992, 69, No. 5, 733-
equivalence principle", General Relativity and 736. Topics: AM,H,E,+
Gravitation, 1977, 8, No. 2, 89-93. Topics: 2. Hughes R. J., '"ests of gravity and CPT symmetry
SD,FI,P with trapped antimatter", In Intersections Between

7. Hari Dass N. D., "Experimental tests for some Particle and Nuclear Physics, AlP Conference
quantum effects in gravitation", Annals of Physics Proceedings 243, (Edited by W. T. H. van Oers),
(New York), 1977, 107, 337-359. Topics: SD,FI,T New York, American Institute of Physics, 1992, 311-

S 8. Leitner J., Okubo S.. "Parity, charge conjugation, 313. Topics: AMP

and time reversal in the gravitational interaction", 3. Smith G., Adelberger E. G., Heckel B. R., Su Y., "A
Physical Review, 1964, 136. No. 5B, B 1542-B 1546. test of the equivalence principle for ordinary matter
Topics: SDFIP falling toward dark matter", 1992, unpublished,

9. Morgan T. A., Peres A., "Direct test for the strong 10 pp. Topics: CD,A,+

equivalence principle". Physical Review Letters, 4. Carusotto S.. Cavasinni V., Mordacci A., Perrone F.,I 1962, 9, No. 2, 79-80. Topics: SDAGP Polacco E., lacopini E., Stefanini G., "Test of g
10. Naik P. C., Pradhan T., "Long-range interaction be- universality with a Galileo type experiment",

tween spins", Journal of Physics A, 1981, 14, 2795- Physical Review Letters, 1992, 69, No. 12, 1722-
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Roland .tvs' classic experiment concerning the proportionality of Inertia& and

gravitating masses, performed at irst In 1889, has again become the focus of scientilic
Interest in the 1980's, due to the possibility of the existence of a Fifth Force, as proposed

by Fischbach and coworkers. The pubication of Ftvs, Pekkr and Fekete omitted various
details of their experiment which may be relevant for the re-Interpretaon of their results.
The aim of this report is to fill in some of these details, and to discuss the Impact of the
EFtv6s experiment on modern research.

"Ars longa, vita brevis"

Inspired by the beauty of the Newtonian system, Baron Roland von E6tv6s
experimentally investigated the proportionality of inertial and gravitating masses in
1889, and reported his results in the Proceedings of the Hungarian Academy in 1890
(1]. In this work he improved Bessell's accuracy 1/60 000 to 1/20 000 000. This was
a short report of 3 pages. Inspired by this achievement, the Royal Scientific Society
of Gottingen in 1906 offered a prize (see Appendix I) for the following task:

"A very sensitive method was given by Eitves to make a comparison
between the inertia and gravity of matter. Considering this and the new develop-
ment of electrodynamics as well as the discovery of radioactive substances, Newton's
law concerning the proportionality of inertia and gravitation is to be proved as ex-
tensively as possible."

E6tv~s began a series of investigations with his co-workers Pek&r and Fekete in
the years 1906-1909. This included data taking through approximately 4000 hours.
E6tvoe personally reported his results at the 16th International Geodesic Conference
in London in 1909 [2], quoting an achieved accuracy of 1/100 000 000. The complete
work of E6tv6s, Pekar, Fekete was submitted to the Beneke Foundation in 1909 [3].
Its motto was "Ars longa, vita brevis" (the art lasts long, life lasts short), which
is indeed a true characterization of the fate of E6tv6e' work. The evaluation of
C. Runge, Dean of the Faculty of Science in Gottingen [4] says that Etv6s has
quoted an accuracy of 1/200 000 000, but since the submitted text does not include

*Dedicated to Prof. J. Csikal on his 60th birthday
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the real theoretical discussion of the observational data, the Faculty recommends
only a reduced prize for this work (3400 German Marks instead of 4500 Marks). In
Appendix I we reprint the text of this evaluation.

Shortly thereafter the First World War came. Roland Etvbs died in 1919, and
the detailed description of the experiments performed in 1906-1909 was published
by his assistants Pekar and Fekete only in 1922 [5]. This is the text known, cited,
and translated by the international scientific community worldwide. When the
collected works of Roland E6tv6s were published by the Hungarian Academy of
Sciences [6], the editor (Eotvo.' former student P. Selinyi) included some additions
in parentheses [...] in the reprinted Eitvoe-Pekar-Fekete paper [5], taken from the
original manuscript [3]. The original Beneke-prize manuscript was lost somewhere
in the hands of the heirs to Pekir and Selenyi. The more complete text taken from
the Volume [6] has been reprinted in English in Budapest in 1963 [5].

The E6tv6s experiment was repeated by J. Renner (a former student of
E6tvos, and a physics teacher in the famous Lutheran High School in Budapest
where among others J. von Neumann and E. P. Wigner studied). The results of Ren-
ner's experiment were published in Hungarian [7] (with a German abstract, reprint-
ed in Appendix 11). Renner claimed an empirical accuracy of 1/2 000 000 000 to
1/5 000 000 000.

About Dicke's criticisms

Acknowledging the basic role played by the connection between inertial mass
and gravitating mass in General Relativity, P. G. Roll, R. Krotkov and R. H. Dicke
carried out a new experiment, using modern technology, and achieved an accuracy
of 1/100 000 000 000 [8). Dicke and co-workers were able to increase the sensitivity
compared to E6tv6s in part by measuring the accelerations of their test masses to
the Sun, rather than to the Earth as E~itvos had done. In such an experiment
any signal arising from the difference between gravitational and inertial mass would
have the same 24-hour periodicity as the Earth's rotation. The advantage of such
an approach from an experimental point of view is that it allows such a signal to be
discriminated from background perturbations, without disturbing the torsion fibre.
Of course, one must be careful to exclude other perturbations which will have the
same 24-hour period. In fact E6tv6s, Pekar and Fekete were the first to compare the
accelerations of different materials to the Sun, and for platinum versus mangalium
they quote a fractional difference of 6 x i0-9. However, since no error is quoted and
few other details of their analysis are presented, it is difficult to know precisely how
the sensitivity of this part of their experiment compared with that of their more
extensive work measuring accelerations to the Earth.

In analyzing the E6tv6s results, Dicke expressed his polite doubts about the
accuracy claimed by Eitvos' assistants. Among his concerns were the following:

1. Dicke was suspicious about the perturbation of air motion created by tem-
perature differences. The present authors think that E6tv6s' team was quite
careful in this respect. The observations were performed in a shaded closed
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f-4

Fig. 1. Torsion balance used in EMv~s' easurements
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Fig. 2. Sketdc of the torsion balance

room, in a double-walled tent (the space between the two walls was stuffed
with sea-weed), with a torsion balance protected by triple copper coating with
air space between (Figs 1,2 and the letter of J. Renner to R. H. Dicke, due
to the encouragement of one of us (G.M.) as reprinted in Appendix III.) Fur-
ther evidence for the concern of E6tv6s and co-workers over thermal effects is
reflected in the fact that they affixed thermometers to the torsion balance at
various locations. (The double-arm balance, used in their third method, had
three thermometers: One along each arm, and one near the torsion fibre.)
The question of possible thermal effects was raised by Dicke as an alterna-
tive to the Fifth Force to explain the correlations in the E6tv6s data noted
by Fischbach and co-workers. This question has been discussed in detail in
[12], where it is noted that the main objection to such an explanation of the
E6tv6s results is that the thermal effects would have to be of constant sign
and magnitude during approximately 4000 hours of data taking, spread out
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E6TV6S EXPERIMENT 339

over several years, which seems unlikely.
2. Dicke was also concerned about the poorly defined gravitational perturbation,

caused by the observer himself. This potential source of error was well known
to E6tvs. While the vibrations of the torsion pendulum were damped, the
observer was far away. When the balance had come to rest, the observer came
running and made the reading, before the ptndulum (of period of 40 minutes)
had time to swing out 19).

--.

OjV

44

,4o I
~~~t A' / 6 yp wt

,Jl ~ ~~ -AI . .. I

RS. 3. Data sheet from the R. Utvf, bequest

3. Unfortunately, the statistical evaluation of the empirical data cannot be fully
reconstructed in the case of the Mtvcs-Pekr--Fekete experiment, as the de-
tails are not given in any of their publications. (In the bequest of E6tv6s, kept
in the Library of the Hungarian Academy of Sciences, sheet& with laboratory
data readings can be found, e.g. Fig. 3, but they do not contain sufficient
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information to allow the statistical evaluation to be repeated.) In the Hun-
garian publication of J. Renner [7] more details can be found. It can be seen,
as pointed out by Dicke (8], that Renner tried to eliminate the influence of
environmentr! changes by interpolation in time. The numbers obtained by
interpolation are not statistically independent, but Renner treated them as if
they were. For this reason the statistical errors might be larger by a factor of
3 than claimed by Renner. It should be noted that this factor is 2.4 as shown
by Kirily [19]. Taking this source of error into account, Renner's data lay sus-
piciously near to zero, concerning the difference of the two masses. Therefore
Dicke and others have suggested that Renner's conclusions cannot be relied
upon. Renner learned this statistical technique from E6tvbs' team. The inac-
curacy quoted by Pekar in his paper [5] originated from observational errors
and statistical errors in a ratio unknown to us; it could be that the accuracy
of 10-1 [2], given by E6tvbs personally is the reliable one. This is in any case
a marvellous achievement, and the curious trends, noted by Fischbach and
co-workers seem to survive. (See the next Section.)
It should be emphasized that the analyses of both Dicke and Fischbach agree

that the errors quoted by E.3tvos, Pekar and Fekete are consistent with the statisti-
cal scatter of their data. Moreover, the confidence level of the best fit of Fischbach et
al to the E6tv6s data, viewed as suggesting a Fifth Force, is 86%, which is perfectly
reasonable.

Let us quote E6tv6s himself [5]: "Ars ionga, vita brevis. The admonition of
this old saying motivates the authors of this paper to compile the results of their
investigation and to submit them to the judgement of a high scientific Aeropag.
Methods of observation refine and improve naturally in the course of observation,
and hence no mortal could close his work if without cease would follow the otherwise
laudable impetus to replace the useful by the even better."

The hypothesis of the Fifth Force

E.tvae' experiment is one of the last pearls of the grand epoch of classical
physics. At the end of their investigations [5] E6tv6s, Pekitr, and Fekete studied how
far the proportionality of inertia and gravity is valid in case of radioactive materials.
(This was already in the era of E = mc 2 .) The proportionality was verified for a
0.1 g sample of RaBr2 with an accuracy of 1/2 000 000.

In the following decades, the investigation of the structure of matter called
attention to other possible forces of Nature beyond the long-ranged gravity and
electricity, and beyond the short-ranged nuclear and weak interactions. According
to the quantum theory the range of the force (r) is related to the mass (m) of the
quanta of the transmitting field by the quantum law r = h/mc, where h is Planck's
constant and c is the speed of light.

The infinite length of the gravitational and electric field lines is logically con-
nected to the absolute conservation laws of mass (energy) and charge. If there is
any further exact or approximate cons-trvation law (e.g. the conservation of the
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E6TV6S EXPERIMENT 341

baryonic charge B, discovered by E. P. Wigner [101), it may be that a further un-
known field exists which may transmit a Fifth Force. But if the rest mass of the
field quanta were exactly zero (as in the case of photons), hot bodies would radiate
these quanta as well, in contradiction to thermodynamical experience. Thus one
may hypothesize that the field quanta should have a small but nonvanishing rest
mass (m), consequently the transmitted Fifth Force would have a long but finite
range (zo = h/mc). This gives rise to a composition-dependent "action at a dis-
tance" between two massive bodies, where the interaction energy is the sum of the
gravity and the Fifth Force contributions:

V(z) = -Gmm'/z + FBB' exp(-z/zo)/z.

For astronomical distances only Newtonian gravity contributes,

V(z) = -Gmm'/z if z > zo.

For laboratory distances, however, one may experience an "effective gravity"

V(z) = -G.jmm'/z if z -C zo,

with an effective gravitational constant

GeI! = G - F(B/m)(B'/m)

which may differ from the (astronomical) Newtonian gravitational constant G. If
B is the baryon number (protons plus neutrons) in the atom, and if M is the mass
of the atom in Hydrogen atom mass units mH, that is M = m/mH, then

GI f= G[1 - a(BIM)(B'/M')]

with a = F/Gm•2. In the case of hydrogen BIM a5 1, whereas for carbon BIM =
1.00782, for copper BIM = 1.00895, and for lead BIM = 1.00794. Hence the
effective gravitational constant, manifesting itself over laboratory scales may be
composition dependent. This idea can be checked by comparing the empirical value
of G on astronomical and laboratory scale, and by testing its composition-depen-
dence. E6tv&' experiments contributed to both. By plotting (see in the work of
P. Kirily [19]) the measured ratio inertial mass/gravitating mass with respect to
BIM (Fig. 4), from the results published by E6tvos-Pekir-Fekete [5], Fischbach
and co-workers concluded that the slope of the resulting line was (5.65±0.7) x 10-1,
which differs from the expected value of zero by several standard deviations (11]. If
the Fifth Force really exists with a range of 100 m, say, the composition-dependence
must be due to the action of nearby mass distribution.

The Fifth Force hypothesis has had a double effect: It has encouraged a series
of modern experiments, and it has increased the interest in details of the original
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Mtviis-Pekir-Fekete experiment [5] (which seemed to indicate a positive effect,
full lines in Fig. 4; even at increased statistical error, indicated by dashed lines
in the Figure), and in the environment of the Renner experiment (7] (apparently
suggesting a zero result).

0.5 .1 T
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T Tt

Q0o- ..I.:

0, ,3
-0.0- f 7

J.

a I ,t

-1.5 2

"-2.0 -1.5 -1,0 -0.5 0.0 0,5 1.0

10' A (B/M}

Fig. 4. Plot of &(a/g) as a function of &(BIM) 119). In EPF measurement (thick lines):
1. tallow - Cu; 2. water - Cu; 3. CuSO4 solution - Cu: 4. CuSO crystals - Cu; 5. Asbestos - Cu;
6. snakewood -Pt; 7. AgSO 4 and FeSO 4 (before and after the reaction); 8. mangalium - Pt;
9. Cu - Pt. In Renner's measurement (thin lines): a) paraffin - brass; b) NH 4F - Cu; c) Bi -
brass; d) Pt - brass; e) glass - brass; f) Mn. Cu alloy - Cu. (The dotted lines include the increased

statistical scatter, as indicated in the text.)

The authors of the present report do not intend to enter the field of contro-
versies related to the Fifth Force, the interested readers may find references in the
review papers [e.g. 12]. Our only goal is to supply information about the environ-
ments of the two classic Hungarian experiments. But when doing so, let us keep in
mind what Nieto, Goldman and Hughes wrote (13]: "neither the concept of baryon
number, nor the mass defect existed at that time. Without these concepts, E6tvos
could have spent considerable time and effort in a fruitless attempt to find out why
the scatter in his data points was larger than his error estimates. We can easily
sympathize and imagine the gnawing feeling that something was wrong, or that
something very important was being missed."

E~tv,,,' Laboratory revisited

The Faculty of Science of the University of Budapest (carrying the name of
Roland von E6tv6s since 1950) is located in the downtown of Budapest, East of the
Danube. The river follows a geological break: Its West shore abounds in steep hills

Acts Physics Hagerics 69, 1991

94



EOTVOS EXPERIMENT 343

0 a8 88S

Emr -a
Sr

01.

u.

g* *- ~ I.)'X
-: C4 4 4

Uo fox

*r

ells

C4I

O.4'
w 45 0

or lie

looks 009

95'



344 L. BOD ct &I

3

- 6v

z

o E,

411Q

44

- 0

- S

9A

i i ii

Z
CEN

CEO

Act&Physm H~~aria 69 199

96a



EOTVOS EXPERIMENT 345

(CaCO3 , MgCO3), its East shore is flat (mostly wet sand deposit of the river). The
East-West asymmetry is the dominating geological feature (Fig. 5).

E6tvos designed and built the building of the Physics Institute in the 1880's,
his laboratory is now the Department of Atomic Physics (Puskin utca 5). Accord-
ing to the E6tv6s-Pekir-Fekete paper [6, page 328] the laboratory room where the
Eotvoe-Pekar-Fekete experiment was carried out looks South with two windows on
the ground floor; opposite to it there are tall buildings (6, page 328]. (Recollections
made two decades later [13] contradict this original paper (5] but are compatible
with the site of Renner's experiment, therefore this hint should be probably disre-
garded). J. Barn6thy joined the Institute 5 years after the departure of Eitvos, and
he firmly locates the site of the Eotvos-Pek&r-Fekete experiment is a small annex
at the SW end of the building [14] (E on Figs 6 and 7), which now houses neutron
generators. At E6tv6s' time there was no building to the West. To the SW there
was a temporary hole that was dug for future construction, to the East there is
the huge complex of the Physics Institute with a strong concrete tower, about 20
meters NE (Fig. 8). Below the experimental room there was no cellar but only soil,
above it there was no floor.

In contrast to the highly asymmetric location of the Etvos-Pekir-Fekete
site, the Renner experiment was performed 25 years later, probably in the geophys-
ical laboratory, on the North side, in the middle of the ground floor of the Institute
of Physics building (about where the computer room is now). This location of the
geophysical laboratory is given G. Barta [15] indicated by R in Fig. 7. Below this
room there was a cellar, above it one additional floor, which means that the Renner
site is located rather symmetrically (up-down, E-W) in the building. According to
Talmadge et al [16], the asymmetric location of the E6tv6s site may be the source
of a Fifth Force, explaining the positive (composition-dependent) outcome (Fig. 8).
The symmetric position of the Renner site R (compensated Fifth Force) may ex-
plain the zero (composition-independent) outcome (Fig. 8). The explanation works
if the Fifth Force exists with a range of 10-50 meters. These conclusions have to be
checked by modern experiments by observers who are ready to learn patience from
Baron Roland von Ebtv6s. (G. Barta, who is presently repeating the original E6tvos
Experiment, speaks about 2 days of waiting before one single reading of the equilib-
rium position of the torsion balance [17]). E.tvbs selected the best (most linear and
most sensitive) Tungsten wires which hung with weight for several years, to get rid
of any distorting internal tension. Eotvos demanded thousands of hours of patient
unbiased observations from his assistants. Let us conclude this report from the past
with E6tv6s' message [5]: "The authors bow to the fate of human limitations and
leave it to future times and future workers to further elaborate those observations
which they themselves believe upon mature experience to be able to still improve."

Impact of the E~tv~s experiment

The recent revival of interest in the possibility of non-Newtonian gravity,
which followed the reanalysis of the Eotvos experiment by Fischbach and co-work-
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Fig. 7. Ground plan of the building

ers [11,12] owes much to the perception that the experiments of E~tv~s, Pek~r, and
Fekete were carefully done and hence deserve to be taken seriously. The widespread
favorable view of this series of experiments is due in part to the detailed description
of their experiment contained in the published literature, and in part to other details
of their experiment which we know of from personal communications [9,14,15,17],
and from aspects of their methodology that we can infer from various sources. The
following are two additional examples of some of the details of their experiment
which were not described in their paper. The torsion balances used in the experi-
ment were mounted on stone piers (approximately one meter on a side) which were
sunk deep into the ground. The purpose of these piers was to provide a stable
shock-free platform for the sensitive balances, and a number of these are still visible
today at the Atomic Physics Institute. Another interesting example deals with their
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-1 ---- E.., ..... •-90

Fig. 8. Campus

comparison of the reactants before and after the chemical reaction

Ag2 SO 4 + 2FeSO 4 -- 2Ag + Fe2(SO 4)3.

Since the Ag produced by this reaction precipitates out of the liquid, the
center-of-mass of the initial reactants would not coincide with that of the final
products. If the difference of the centers of mass were not corrected for, then it
would couple to local gravity gradients and produce a large (but spurious) signal
which could simulate a violation of Equivalence Principle [12]. In fact E6tv6s and co-
workers found that the accelerations of the reactants before and after the chemical
reaction were the same, which is what we expect in all theories. This indicates that
the authors were evidently careful to correct for this effect, although the details of
their methodology are not provided.

It has now been approximately five years since the classic work of Etvoe,
Pekir and Fekete stimulated interest in the possibility of a fifth force. During this
period numerous experiments have been carried out, and many are still under way.
To date these experiments have not confirmed the original suggestion of a fifth
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force, as inferred from the E.tvos data by Fischbach and co-workers [12]. However,
neither has any g. aup pinpointed an error in the Eotvos experiment which could be
the source of their suggestive data. Since all of the recent experiments differ from
the original E6tvos experiment in various ways, the possibility remains that there is
some theoretical model in which a subtle aspect of the original experiment which we
have heretofore overlooked could explain why those authors saw an effect while the
more recent ones do not. The significance of the Eotvos experiment is that it will
continue to be a stimulus for new ideas, such as the recent suggestion [18] that spin
may have played a role in the original work. However the search for new gravity-like
forces turns out, it is clear that the Eotvos experiment has played a fundamental
role in shaping our understanding of gravity and other possible forces in Nature.
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Appendix I

Nacliriclitena
von der

Koniglicheii (esellseclaft der Wissenschaften

zu Gottingen.

Gesclififtliclie ititteilungen.

1909. Heft 1.
Benekeache Preiestiftung.

Auf die im ah~re 1906 geatellte Preisaufgsbe:
,,Von Etv~ia ward. eine sehi empfindliche Method. ange.

geben, TrIgheit'und Gravitfit der Materie zu vergicichen. Mit
Rficksicit hierauf and im Hinblick auf die neacre Entwicklaag
der Elektrodynamik sowie, sau die Entdeckung der radioaktiven
Substanzen ist das Newtonsche Gesetz der Proportionalitrit von
TrIgheit and Grantita miaglichst weitgehend za prilfen"

ist eine Bewerbungsachrift mit dem Titel:
,,Beitr~lge zum.Clesetz der Proportionalitit von TrIgheit und

Gravitit',
und dem Motto:

,,Are longs, vita brevia"
cingelanfen.

Uma zu emnem Urteil der Bewerbangaachrift zn gelangmn, acheint
* em wicitig, die Gesichtspnnkte zu beachten, weiche die Gesellachaft

bei der Stellung der Preisfrage leiteten.
Nas von Newton entdeckte and mach ibm benaunte Gesetz

der Ailgemeinen Gravitation, welch. die Eracheinungen der ma-
teriellen Welt in ibrer Gemamtheit umutSt, apricht einige Situ.
earn, die fibemus auekwilrdig mind, die mian aber trotzadm nielt
hervorzaheben pfiegt: 1) Die Anziehung wird gurnicit beejuhalgt
duich die pbysikalische Besciaffenheit der Materie, mondern wird
einzig and aie~u daich die ,,Trigheit" beatimmt. Nit dieser TrIg-
heit mind die Pernwirkangen proportional, sodLS nUan hurz den
Satz fornaulieren kaun: Des Verhiltuia von Gravitfit and TrIgheit
iat fi~r mile materiaele Teile anverinderlich and fUr mile gleic

* groS. Na alien materiellen Teflen eime unverinderiiche TrIgheit
aMzDhate meheint, so wire zn folgern, daS such die Gravitit
eine unveranderliche Zigenschaft der Materie ist. 2) Die Famn-

wrkung irgend aweier materieller Tell vrird.dihdeAwsn
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33, 3enekescb. Preisstiftung.

beit der Ubrigen materiellen Teile niclit beeinfluf~t - Ein Teilchen
im Innern der Erde and eines inmitten des Sonnenballes, ziehen
biernach einander gerade so an, als ob die von dem Erdkorper
and dem Sonnenkdrper gebotenen materielleniilntel garnicht vor-
handen waren. 3) Die Fernwirkung hrungt allein von der jewei-
ligen geggenseitigen Lage der materiellen K~rper, nicht von ihrem
Bewegangszu~stand ab. Es scheint hiernach die Gravitation sich
in unendlicher Geschwindigkeit auszubreiten. -

Mlan bat sich an den Gedanken der unbeschrinkten Giiltigkeit
des Newtonschen Gesetzes so slr gewdbnt, dali das Gefhihl fuir
die Blerkwiirdigkeit der hervorgehobenen Sltze fast verloren ge-
gangen ist.-

In emn neues Licht ist die' Frage naci' der Giiltigkeit der
Newtonschen Gesetze geriickt worden. durch die Erfolge der theo-
retischen Elektrodynamik. Auch in den elektrischen and magne-
tischen KIaften. hatte man anfinglich Eunwirknngen ganz Ahnlicher
Art wie bei der Gravitation gesehen. Nun lehrte i'Max well, dW
die elektriscben und magnetisehen Krafte sich nicht mit anend-
licher, sondenn mit der Geschwindigkeit des Lichtes ausbreiten.
Er zeigte ferner, dali die Wechselwirkang bei den magnetischen
and elektrischen Erscheinungen Behr wesentlich je' nach der Art
des Zwischenmediums v'arfiirt. Dadurch schon wurde die Physik
"von nenern angeregt, die Gfiltigk-eit der Sltze 2) und 3) in Zweifel
zu. stellen. Noch tiefere theoretische Bedeutuing gewann der Satz
1), der die Proportionalitfit ron Gravitit and Tr~gheit ausspricht.
Es gelang der Elektrodynamik Zn zeigen, dafi mit einer elektri-
schen Ladung, das Bestehen einer Trigheit im Sinne der IB[echanik
verbunden ist, and es wurde festgesteflt, dalS im Innern eines jeden
mateniellen KaSrpers eine aulierordentlich gro~e Zabl Behir stark
eleictniach geladener Weiener Teilchen vorhanden ist. Danach nun
achien es nicht ausgeschlossen, daS emn wesentlicher Teil der be-
obachteten TrIgheit der 3laterie, vielleicht die Tr~gheit liberhaupt,
sich elektrodynamisch enklrtre. So wurde die Gravitation, die doch
mit der Tr~gheit zusammenb~ngt, jetzt auch in Verbindung mit
der Elektrodynamik gebracht, and es rlickte der Satz von der
Proportionalitlit von Gravitit and Tragheit in eine neue fiber-
rasohende Belenchtung.

Diesen Erwrigungen welter nachgehend, weiche zu der Frage
flihren, wie die Materie in das physikalische Weltbild einzoordnen
ist, schien es der FakultIt besonders wichtig, demi Satz von der
Proportionalitit der Triigheit und der Gravitit ernent die Auf-
menlcsamlceit zu schenken, and inshesondene erschien die denkbar
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Demekesche Prelutiftang. 39

schirfste experimentelle Pruifurn; drin-end erwiinsclit. Dies war
der Anlafi zur Stellung der Preisaufgtbe flur 1909.-

Die Bewerbungischrift mit dem Mlotto: ,,Are longa, vita
brevis"1 geht &of die theoretischen Erwfigungen, an 4ie erinnert
wurde, garuicht out, berilbrt tie nicht einmal. Damit ist klar,
da.l einem wesentlichen Tell der Wtiatche, welche die Pakul~tt
bei Steilung der Preisaafgabe leitaten, nicht Rechnang getragen
wird. Daftir wird die ganze Kraft auf die AusfUibrung der ex-
perimenteilen Untersuchung verwendet, and es wird. inch gezeigt,
wie man unter Verwertung bekanuter Erfabrungen fiber die Er-
scheinung bei Ebbs and Flut weitere wertvolle Foigeriuigen flit
das bier zur Behandlung stehende Problem ziehen kann. -

Es werden ohne eine Aenderung die durch Et voas konstruierten
Apparate benutzt. Dein Studium der lFehlerqueilen wird chin
grolie Aufmerkua~mkeit geschenkt, sodafi die Beobsobtungen einen
hoben Grad der Zuverliissigkeit erhaiten. t tDie gewonnenen Resul-
tate mind. so wertvoll, dalI es die FakuitMt mit Genugtuung begraslen
darf, durch Stellung der Preisaufgabe, zn den Beobachtungen An-
lab gegeben zu. haben.-

Neowton find ffur eine Reihe von nntersuchten 3laterialiien.
daB Gravitit und Tragheit jodenfalls bis auf etwx 1/1000 ihrer
Gra18e mit einander 'proportional mind. B e ss e.I zeigte, bei Ge-
leggenheit seiner Pendeiversuche, daB die etwaigon Abweichungen
h~chstens 1: 60000 erreichen kUnaten. B t v ias hat mnitgotuilt, daB
es ihm mit seinen Apparaten ml~glch geworden adi, die Propor-
tionalitlitt bis auf 1/20 000 000 zu erweisen; or maclit aber keine
Angaben fiber das Beobachtugsaera. In der Preisschrift wird
aaf Grand des neuen Beobachtangsmaterials nachgewiesen, daBi
fdr eine gauze Reihe sehr verschiedener Ilaterialien (Piatin, Mda-
gnaliu~m, Kupfer, Waster, krystallisiertet Kupfersulfat, Kupfer-
sulfatliasung, Asbest and Talg) die Abweichang von dem
Gesetz der ProportionalitIt jedenfalls niclit grUillr alt etwa
1/200000000 itt. Auch 11.8 sich zeigen, daB mit der chemitchen
Reaktion Silbersulfat -Ferrosalfat, die seinerzeit von Lando it
verwertet wurde, umn den Satz von der Konstanz der Hasse zu
prilfen und mit dor Aufidiung von Kupfersulfat in Wasser, die
Hey dwe 111cr za gleichem Zwecke verwendete, Verinderangen
des Verhaltaisses von Gravitit und Tr~gigeit, in dem angegebenen
Grenzbetrage jedenfalit nicht cintreten. - Von besondetem In-
tereste ist such, daO cine sehr stark radioaktive Substanz, Radium-
bromid, der Untersuchung unterworfen wurde. Die experimenteilen
Schwierigkeiten waren bier naturgemHl sehr viel gri~ler and datum
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4') Benekesche Preintitftuag.

die Schirfe ties Resnitates erheblich gcringer. Es ergab sich, dall
eine etwaige Abweichung des Verhailtnissevi von Gravi~tat nd
Tragheit bei dern Priparat jedenfafs nicht grolier war aim etwa
112000000. -

Anch der oben unter V) aufgefiibrte Satzn wird einer Prilfung
unterzogen, nach dern die Wechaciwirkung der Gravitation durch
Zwischeaschaten von llaterie nicbt beeinfluft warden soil. Dabei
werden Versuche angefdllrt. die schon vor lIngeren Jab ren (190-9)
magestellt worden mind, denen aber nor der Cbharakter alm Vor-
v-ersuch beigelegt wird. Es list sich folgorn, daB durch eine
zwischenliaegnde Bleipiatte von einer Dick. gleich dem Dumb-
messer der Erde die Gravitation urn nicht mclxi aim etwa am 1/80()
ihres Betrages geindert wfirde. Bieran knidpfen die Verfasmer
theoretische Erbrterungen fiber die Ebbe- und Fluterseheinungen
and foigern, - insbesondere such aiim den Heck r schen Beob-
achtuzgtn der Fluteizeugenden Kraft mittels des Horizontalpen-
dels - dali die Zwischeuschaltung der ganzen Erde die Anziehung
der Sonne auf eminamterielles Tailchen umn weniger &Is den 10000.
Teil andert. -

Dam Endresultat der ganzen Arbeit wird ma ausgesproeben:
.Wir habeq cine Reihe von Beobachtungen angestellt, die an Ge-

nauigkeit mile vorangebenden libertrafen, doch kounten wir in
keinemn Falle cine bemeikbare Abweicbung von dern Gesetz der
Proportionalitit von Tragheit and Gravitlit entldecken'.

Die Verfasser bemerken inn Anfang ibres Berichtes: blit Rdck-
sicht auf die Kiirze der Zeit, die uns ffiii die genauere Durtbsicht
unserer Arbeit zur VerfUgang stand. bitten wir far eventuell var-
kommende Sebreibfehier vnd das Wesen der Remultate nicht be-
eintricbtigende Rechenfehler urn Wacbsicht. So mag dean nicbt
viel Gewicht darauf gelegt werden, dafi in der Tat bei der Be-
urtailang der Flutwirkung ibre Damlegangen rnebrach Verbemme-
range. and Vervollatiindigungen bedjirfen. -

Es ist gewili, dali die Verfasser der Preisarbeit in sehi wez
mentlichen Punkten den Erwartungen dci Fakultit nicht entsprochen
babe., and csmfinn each bcincrkt werden, dali in Einzeiheiten die
Ausafihruingen, nicht anarkamit T warden kannum Trotzdemax sert
bringt; die Arbeit h~cbst wertvolle Resultate, indem sie aIs Grand-
lap. far &Ile tixcoretiachen Spekulationen den anllcrordentlich
weitgehenden GUitigkeitmbereich der Neaw toana&chen Geaetze zeigt.
Die Pakultit stct darmr nicht anx, der Arbeit den voile. Preis
zu citeilen.

G~ttingen, den 1. April 19N9.

Die phllosopblsclie M OMlii.
Der Dekan:
C. Runge.
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Appendix 11
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Appendix III*

Dear Professor R. H. Dicks!

I read with great interest your valuable treatise about the Botvos
experiment published in the "Scientific American" in the number of December 1961.
I know your previous studies in this matter too. I am fully convinced of the
great importance of your experiments carried out with up to date methods. The
accuracy achieved by your experiment is much greater than the accuracy of the
previous works done by R. Zotvou and his collaborators. The fundamental question
of the independence of gravitational acceleration from the quality of material
can be considered now as proved. I have to congratulate for your experimental
results of high accuracy.

I was student and later on collaborator of Zotvos and I repeated his famous
experiments in the years 1930-1935. I beg you to allow me some suggestions
relating your remarks about the original experiments of Eotvos. I have to
mention, that your interesting treatise was translated in Hungarian and published
in the periodical "Fizikai Szemle." My suggestions were published in the same
periodical. I enclose a copy of it in Hungarian.

As the Hungarian experiments were made by visual readings, the mass of the
observer could have exert any influence to the position of equilibrium. But the
observing time was always rather short and the observer did not stay for long
time near to the instrument, as you already assumed it.

Concerning the influence of sudden changes of temperature, Zotvos took care
to eliminate the unfavourable effects. The experiments were carried out in a
dark room, where temperature was practically steady. In the room there was
mounted a linen tent, the walls of it were filled with isolating material and the
instrument was brought inside this tent. Besides the instrument had a triple
shell of metal around the chamber containing the torsion balance, as Professor
had already mentioned in the publication. Accordingly there was no reason of
taking place any convection currents in the inside of the balance. Specifically
prepared torsion wires were used, which had no any drift caused by elastic
properties or by change of temperature. The positions of equilibrium appeared
even in long observation sets very constant.

You have correctly suggested the disturbing effect of even quite small
magnetic impurities in the moving parts of the balance. Eotvos and

*The original of this letter can be found in the Library of the Hungarian Acadmy of SO0enc
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his collaborators eliminated the assumable effect by compensating the geomagnetic
field with permanent magnets and electromagnetic coils. The compensation was
always controlled. The compensating magnets were so mounted, that they should
not produce any translatoric effect. Besides the materials used in the balance
were controlled concerning their magnetic properties.

There in another question, that Botvos and his collaborators used a
horizontal variometer, in which one of the masses was suspended lower, so that
the horizontal gradient of the acceleration had influence too. This caused no
any disadvantage, as the method of Zotvos counted on the effect of the gradient.
When different materials were hanged on the balance, the centre of gravity was
always in the same height and the balance took place in the same gravitational
field. The optical diffraction in the telescope caused no erroneous readings.
The 20-th part of a scale division could be precisely read by a skilled observer.

Concerning my own experiments carried out in the years 1930-1935, I have to
mention, that I did not use the old Eotvos balance, but an improved new one, the
thermical and magnetic effects were perfectly eliminated and very reliable
torsion wires were used. The positions of equilibrium were kept in long
observation sets constant. In this way it succeeded to extend the accuracy.

I would be very grateful, if you would be kind to publish a remark of my
suggestions above concerning the original experiments of Eotvos and his
collaborators, if possible in the same peeriodical, in which your interesting
study appeared.

With kindest regards

Yours faithfully

Budapest, 26. VII. 1963

/ Dr. J. Renner/
Budapest VII. Damjanich u 28/b
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APPENDIX F

REVIEW ARTICLE

Six years of the fifth force
Ephraim Flschbach & Carrick Talmadge

The enunciation of the 'fifth force' hypothesis in 1986 spawned a generation of experiments searching
for deviations from newtonian gravity. Although no compelling evidence for any new weak forces has
emerged in the past six years, the searches for anomalous gravitational effects have produced a large
number of important experimental and theoretical results.

THE suggestion roughly six years ago of a possible gravity-like interaction of two point masses m, and m, through th
'fifth' forcei of nature called attention to the fact that gravity, force would be given by
itself the 'oldest' of the known forces, was in some ways also
the least well understood. As we discuss below, a fifth force Vs(r)=-a Gm em (I)
coexisting with conventional gravity would lead to a net interac- r
tion between macroscopic objects which showed small devi-
ations from the behaviour expected from the classical newtonian where by convention the sign has been chosen to make V5(r)

inverse-square law of gravity (see equations (2) and (3) below), correspond to an attractive force for a > 0. Here r = Jt,- rjJ is
-uy(ions2 and app e the distance between the masses, and a is a dimensionlessEvidence for such non-newtonian behaviour inconstant proportional to 2 which determines the strength of

system could thus be a sign of a new fundamental force, and thetne for tive to gravit) Becer acn be either
this idea has provided part of the impetus for the current efforts2 .3  the new force (relative to gravity). Because a can be either
to re-examine the experimental support for newtonian gravity positive or negative in various theoretical models (corresponding
torexamines disthe exsrimentalesupporthfo r newtoneian g vity- to a force which is attractive or repulsive), the sign of a carries
over various distance scales. Although no compelling exper-i- pratpyia nomto.Freape eusv oc
mental evidence for any anomalous results has yet surfaced, important physical information. For example, a repulsive force
there has nonetheless been a dividend from the intense effort typically arises from the exchange of a vector (spin-i) meson
of the past few years. This is the substantial improvement in between nucleons or electrons. Theories of such forces lead us
the precision with which newtonian gravity can be claimed to necessarily depend on the chemical compositions of the test
be experimentally supported. Moreover, the search for non- masses. By contrast, an attractive force between like objects
newtonian effects continues, spurred on both by remarkable mas.Bycnrtnatatiefcebwenlkojcsarises from the exchange of scalar (spin-0) and/or tensor (spin-advances in experimental techniques and by an improved under- 2) fields, and these can lead to deviations from the I/ r 2 law
standing of the theoretical basis for such effects. Specifically, that are independent of the compositions of the test masses. It
we now recognize that many models predict the existence of follows that an experimental determination of the sign of a can
new intermediate-range forces, and relate the properties of these be used to discriminate among different theories of the fifth
forces to the behaviour of physics at the Planck (energy) scale, e Returnin ation (1),erentat eorie of th (it

It is important to bear in mind that although we will focus force. Returning to equation (!), we note that the sum of Va(r)
here primarily on what has been learned in this field since the and the usual newtonian potential VN(r) can be written as
fifth force was proposed in 1986, this proposal was itself a _Gm~m_ Gm^m /
natural outgrowth of many earlier experimental and theoretical V(r) = VN(r) + V5(r) = - r- a - e
studies of non-newtonian gravity2. In the 1970s interest was
stimulated by the work of Fujii4 and others"'6 who argued that Gmimj( r/A)

various theoretical models led naturally to a new intermediate- r

range force, whose strength was comparable to (or perhaps
slightly weaker than) gravity. Although Fujii's theory was based In the form of equation (2), the presence of the new interaction
on detailed dynamical considerations, at its core are a few described by V5(r) manifests itself as an apparent deviation
fundamental observations which have helped to motivate much from the usual l/r newtonian potential. In practice nearly all
of the subsequent work. We begin by noting that there are two experiments measure a force (or acceleration) rather than a
natural mass scales in physics, defined by mN 25 I GeV/ c2 and potential, and from equation (2) we find for this force
Mpi..c, = (hc/G)'/ 2 -- 10" GeV/c 2, where mN is the nucleon
mass, A is Planck's constant, c is the speed of light, and G = F(r) = -V V(r)= -G(r)
(6.67259 0.00085) x 10" N m 2 kg- 2 is the newtonian gravita- .2 (3)
tional constant. The ratio of these scales,fi MN/! M•.lnk ý 10-", G(r) = G.[1 + a( 'I /A) e-'/A]
introduces a new small dimensionless constant into physics.

• This constant may have some dynamical significance if it deter- In equation (3) we have written the newtonian constant as G.
mines the coupling strength of a new field to matter, just as the to indicate that this is the constant that determines the strength
electric charge e (e'/l c - aem - 1/137) determines the strength of the interaction in the limit r-b o0. This serves to distinguish
of the coupling of photons to matter. If this were the case, then G. from the constant Go = GJ(1 + a), which characterizes the

* the analogue of a.m for this field would bef 2/ AC -10-3, which interaction strength when r/A<< 1. (The latter regime is often
corresponds to a force of gravitational strength (f 2/IGm = I). referred to as the 'laboratory scale' on the assumption that A is
The second observation is that in various theories the product larger than the typical separation of test masses in laboratory
%/(f

2 /Rlc) mN = A = 10` 0 eV/c 2 determines the mass of the new experiments.) It follows from equation (3) that any deviation
field. As the Compton wavelength (which characterizes the of G(r) from G. leads to a breakdown of the usual I/ r 2 force
distance over which a force acts) associated with this field would law, and can be interpreted as evidence for a new force.
be A = A/1Ac = 2,000 m, this combination of values for the para-
meters f and 1 could describe a new intermediate-range field Elementary phenomenology
of gravitational strength. The work of Fujii and others, which led to the phenomenological

To understand how such a field could be detected experi- framework given in equations (t)-(3), motivated further experi-
mentally, we note that the potential energy V1(r) describing the mental and theoretical work, as discussed in ref. 7. We see from
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equation (3) that every experimental result implies some con- we see that in this simplified model Ag(z) is given by
straint on the parameters a and A which define the putative G(M-AM) GM
non-newtonian interaction. For technical reasons, the limits on Ag(z) = g(z) -g(0) = (R -M) R2

a =a (A) implied by a given experiment are most stringent for (R z), (4)
values of A that are comparable to the characteristic separation (4)
r of the test masses in that experiment. It follows that no single 2g(0)z 1r
experiment can provide useful limits on a(A) for all values of R
A. Rather, a collection of experiments is needed, each optimized where fi is the density of the material in the shell, and g(0) =
to measure a(A) near a selected value of A. By 1981 a number GM/R 2 . It follows from equation (4) that G can be determined
of such results were available, and these were collected together over geophysical scales by a series of local measurements to
in an important paper by Gibbons and Whiting8 (hereafter determine g(z), g(0) and p, and this constitutes the Airy method.
referred to as GW). In practice equation (4) must be modified to include the effects

The constraints on a and A implied by the data available to of the Earth's rotation and ellipticity .-i.. The original analysis
GW are shown by the dark shaded area in Fig. 1. In this and by Stacey and coworkers'3 in the early 1980s in fact found
similar figures (see, for example, refs 9, 10), the shaded region an anomalously high value of 0: their best value, obtained
in the a-A plane is excluded by the data at the two-standard- from a mine at Mount Hilton in Australia, was G =
deviation (2a) level. The GW paper drew attention to the region (6.720 ±0.024)x 10 N m2 kg- 2 which was larger than the
(10 mnc AG 10in m) where the limits on a (and hence on the laboratory value G = (6.67259 ± 0.00085) x 10-!" N m 2 kg-' by
validity of newtonian gravity) were very poor, as can be seen roughly twice their maximum admitted error.
from Fig. 1. This gap in our knowledge simply reflects the We note for later purposes that as G(r) always appears in
difficulty in designing experiments in which the separation of combination with a mass such as mi, G(r) cannot be determined
the test masses is of order 10- 103 m. Typically information on separately unless mi is independently known. In the Airy method
gravity for such mass separations comes from geophysical the appropriate combination is G(r)AM, and as AM can be
experiments, and hence this range of distances is often referred determined from measurements of the local density fi, G(r) can
to as the 'geophysical window', be inferred for values of r comparable to the depth of the

Stacey and collaborators'"" undertook to explore the measurement. But in some situations, such as tower experiments
'geophysical window' by reviving the Airy method of determin- and tests involving planetary motion (see below), the appropri-
ing the newtonian gravitational constant G. A schematic outline ate masses cannot be determined independently. In these other
of the Airy method is shown in Fiv. 2 for an idealized model cases G cannot be obtained in absolute terms, and only the
of a spherical non-rotating Earth.' Suppose we compare the variation of G(r) with r can be measured.
acceleration g(0) of a test mass at the surface of the Earth with During the same period of the early 1980s, Aronson et aL"'
its acceleration g(z) at a depth z below the surface. (The test analysed high-energy Fermilab data on the K°-k° system to
mass in each case is simply the proof mass in a standard look for anomalous effects that might be associated with the
gravimeter, usually of the LaCoste-Romberg type.) It is straight- existence of a new force. They used neutral kaons because the
forward to see that there are two different effects that contribute small mass difference Am = mL - ms = 4 x 10-1 eV/c 2 of the weak
to Ag(z)- g(z) - g(0), and that these have opposite signs. The interaction eigenstates KL and Ks makes this system extremely
first is the free-air gradient, which represents the increase in sensitive to small external influences .'... The presence of a new
g(z) arising from the circumstance that the test mass at z is weak force would show up as an apparent dependence of Am
only a distance (R - z) from the centre of the inner mass, rather on the velocity v of the kaons (or their energy) in the laboratory,
than at R as would be the case at the surface (see Fig. 2). The because the strength of an external field as seen in the rest frame
second effect, known as the double-Bouguer term, accounts for of the kaons depends on v through the Lorentz transformations.
the fact that at a depth z, g(z) will decrease because the test Aronson et aL." also noted that similar velocity-dependent
object is now attracted to the centre of the Earth by a smaller effects could show up in the other fundamental parameters
total mass (M-AM). (Recall that if Newton's l/r 2 law of of the K°-k° system, such as the lifetimes T L and rs of KL
gravity holds, then the shell of matter of thickness z does not and Ks, and CP-violating parameter % amplitude (KL-
contribute to g(z).) From Fig. 2 and the preceding discussion wvwr-)/amplitude (Ks -+7r-). Motivated by these theoretical
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considerations, they reanalysed data from a series of Fermilab theory. As our primary focus here is on macroscopic experi-
experiments which determined the K°-K° parameters for kaons ments, we can set Y = B and write Vs(r) in the form
in the energy range 30-130 GeV. They found evidence at a B -

marginally interesting (13o) level for an energy variation of V5(r) = +f2 BL•e-/ (5)
the kaon parameters, particularly for the phase *k of il,, r
and this provided at that time another hint for a possible new where f is a new fundamental constant. It is straightforward to
force. We will return later to discuss the present status of kaon show that when Vs(r) in equation (5) is combined with the
experiments. newtonian potential VN(r), the resulting expression for V(r)

The 'fifth force' hypothesis"' in 1986 arose from the recog- has the form given in equation (2), but with a replaced by a,,
nition that the anomalies reported by both Stacey et aL"t-'4 and
Aronson et al.`' could be explained in terms of the same new (B,(_B\
force, but only if it had properties that were somewhat different a,, = (6)
from those of Vs(r) in equation (2). Additionally, the requisite
force would be capable of producing anomalies in the classic where H =f 2/G 0 m•, s, = m,/mH and mH = m(,H'). As (B,/I,)
experiment of Eotvos, Pekir and Fekete (EPF) '2 °, which coin- and (B,/1$s) vary from one material to another, ai is a function
pared the accelerations of different pairs of materials to the of the compositions of the interacting materials. It then follows
Earth. This motivated a reanalysis'. of the Eotvos experiment, from equations (3) and (6) that the accelerations of two samples
from which two surprising observations emerged. First, the j and j' towards a common source i would depend on the
results of EPF indicated that for some pairs of materials, the constants a,, and a,. respectively, and these are generally
acceleration differences for the two samples were relatively large unequal. if i denotes the Earth then the accelerations of j and
(5Or in the case of copper against H2O). Second, these acceler- j' towards the Earth would depend on their compositions, and
ation differences fitted a pattern that was compatible with the this could be tested by simultaneously dropping two dissimilar
existence of a new 'fifth force'. This observation, coupled with objects as Galileo is supposed to have done- 23 . Such an experi-
the suggestion that the same force might also account for the ment, although relatively simple in principle, is extremely
earlier anomalies"3" 6 helped to revive interest in non-newtonian difficult in practice and has been carried out to high precision
gravity, only recently24"25, as we discuss below. E6tv6s recognized,

The proposed fifth force departed from the earlier work of however, that an equivalent experiment could be done by sus-
Fujii by introducing a repulsive interaction proportional to the pending the two samples j and j' from a common bar, and
hypercharge of a test object Y = B + S (B is baryon number, S searching for a torque on the bar arising from the differential
is strangeness), rather than to its mass as in equation (2). For force exerted on the samples by the Earth. Subsequent
ordinary bulk matter B = N + Z and S = 0, where N and Z experiments 26

-
28 used the Sun as a source, and these set limits

respectively denote the number of neutrons and protons in a on possible new weak forces for which A is of order I AU.
sample, and hence Y and B can be used interchangeably. But It follows that in the model considered here, the acceleration
for certain elementary particles such as kaons (specifically K' difference Aa.i. of j and j' towards the Earth is given by
and its antiparticle ko), B = 0 and S # 0. Hence by selecting Y
as the charge we allow interactions not only between samples A. = 1.. (7)
of ordinary bulk matter, but also between bulk matter and kaons. A/,ED\A /A
Such an interaction could account for the anomalies reported
by Aronson el aL' 6, and for this reason hypercharge emerged where J" is the field strength (in units of acceleration) of the
as the natural choice for the charge in the original fifth force source, which in this case would be the Earth (denoted by E).

As in equation (12) below, B can be replaced by a minre general
charge Q, so that (B/Ig)@-+ (Q/g)D and so on. ft then follows
that the experimentally determined sign of Aas,. (that is, whether
j falls faster than j' or vice versa) depends on the signs of the
factors (Q/1A)4 and [(Q/It),-(Q/Ij)J.], and on the direction
of P• It should be emphasized that for a force of finite range
the effective values of (Q/js)0 and , are actually determined
by the local chemical composition and the local matter distribu-
tion, respectively, and can vary from one location to another.
As this information for the site of the original EPF experiment

• z is not accurately known, the sign and magnitude of a implied
by this experiment cannot now be established unambiguously.

From equation (3) we see that with a - aq, an intermediate-
range weak force can be detected through a modification of the
inverse-square law (G(r) 0 constant) and/or through a compo-
sition-dependence of the net acceleration (a,, 0 constant). (The

A4--AM latter effect is often referred to as a violation of the weak
equivalence principle or of the universality of free-fall.) It is
evident from equation (3) that both effects are generally present
in a given experiment. In practice, however, experiments are
usually designed to isolate one or the other of these signals for
a new force, and we will therefore focus on each of these classes
of experiments separately.

Conposition-indel ndent expeiments
We first consider the recent progress made in tests of the inverse-

FIG. 2 Sketch of the Airy method for determining the newtonian constant. square law. Returning to Fig. I, we see that the limits on the
By compning the acceleration g(z) at a depth z with the value g(O) at the strength f - -a of a possible non-newtonian component have
surface, the shell of mass AM can be 'weighed'. See text. ref. 15 and improved substantially over several distance scales. Most not-
,equation (4) for details. ably the geophysical window at A - 100 m has been partially
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closed by a series of experiments using geophysical sources, as ible, as would be the case if a stream were running through the
we now discuss. In 1988, Eckhardt and collaborators2. intro- region. As the gravimeters used in such experiments are expen-
duced a new technique into the field, by measuring the gravita- sive, it is not surprising that fewer measurements would be made,
tional acceleration g(z) as a function of height z using the 600-m for instance, at the edge of a body of water, than at a nearby
tower of the television station WTVD in Garner, North Carolina. road running above the water. A difference of I m between the
If newtonian gravity is correct then Laplace's equation can be average elevation of the actual topography and that of the
used to predict g(z), given a knowledge of g on the surface of sampled points could lead to a discrepancy of -309 t.Gal, which
the Earth near the tower. Although this technique is in principle is comparable to the magnitude of the effect observed in ref.
straightforward, it had never been attempted before 1988, 29. Eckhardt et al. have recently re-examined the effects of the
apparently because of the widespread (and erroneous) belief terrain in their experiment, and now find a result consistent with
that g(z) could not be measured with sufficient precision on newtonian gravity31. Similar null results have also been obtained
towers. Although measuring g(z) on a tower is indeed more recently in two other tower experiments 32 "3'. Speake et al/3

difficult than in the relatively protected environment of a mine- devoted considerable effort to understanding how tower motion
shaft, the tower method has an important compensating advan- affects the performance of the LaCoste-Romberg gravimeters
tage. If there are pockets of unusually dense material below the used in these experiments. Their careful analysis supported the
surface of the Earth near the experiment, these will be located original claim by Eckhardt et aL that g(z) could be measured
on average farther away from the gravimeter being used to on towers with sufficient precision to allow a meaningful corn-
determine g(z) in a tower experiment than for analogous parison with the predictions of newtonian gravity. The limits
measurements in a mine or borehole. The distortion by such implied by these experiments are partially responsible for filling
local mass concentrations of the average gravitational field near in the 'geophysical window' in Fig. I.
the tower will have less effect than in a similar mine experiment. Another class of geophysical experiments which tests
This 'smoothing' of the average gravitational field facilitates a newtonian gravity over the same distance scales comprises the
comparison between the measured and predicted values of g(z). pumped lake experiments of Miller el aV.3' and Moore el al.3".
Eckhardt et aL in fact demonstrated not only the feasibility of In these, the change in the local value of g is measured as a
tower measurements, but also the ability of this technique to function of the height to which the reservoir is filled, and the
set useful limits on possible deviations from newtonian gravity, experiments can thus be viewed as 'weighing' a slab of water

In their original analysis"9 , Eckhardt et al. found a discrepancy whose lateral extent is hundreds of metres. The lake experiments
of (-500 ± 35) gsGal (0 aGal = 10- 8 m s-2 ) between the measured are subject to a number of systematic uncertainties, and thus
and predicted values of g(z) at z = 562.24 m. The negative sign far have not achieved the sensitivity of the tower experiments.
corresponds to the effect expected from a new attractive non- Similarly, Zumberge ef aL' very recently used the ocean as
newtonian force, which Eckhardt et aL termed the 'sixth' force. an attracting mass to determine the newtonian constant G for
But it was subsequently pointed out by Bartlett and Tew30 that matter interacting over a distance scale of -5,000 m. This type
the surface gravity database used in ref. 29, which was compiled of Airy experiment, although technically complex, offers a num-
by the Defense Mapping Agency, could have been biased by ber of advantages over similar measurements in mines, lakes
oversampling of the higher elevation terrain compared with that and boreholes. First, ocean experiments allow G to be studied
at lower elevation. Low-lying terrain is often relatively inaccess- over distance scales that are larger than those readily accessible

in land-based experiments. Second, the density of the 5,000-m
Vertical adjustment shell of matter (see Fig. 2) is not only much more uniform than

in a mine, but varies in a known and reasonably smooth way
with depth. (Mines, after all, are situated where they are precisely

Triple-layered walls because of the inhomogeneities they contain in the form of
for thermal protection Rotational adjustment relatively dense ores.) By combining various sea-surface

measurements, Zumberge el aL determined G from a generalized

Fibre version of equation (4). Their result, G = (6.677 ± 0.013) x 10-
N m 2 kg- 2 agrees with the laboratory value.

This experiment helps fill in a large part of the geophysical
SPlatinum window, and sets useful constraints down to values of A - 0.1 m.
standard As noted previously, experiments typically give their most strin-

Mi rror gent limits for values of A comparable to the characteristic
separation of the test masses in that experiment. It might then
seem surprising that an experiment carried out on a distance
scale of -5,000 m can give a useful limit down to -0.1 m. But

ivot Telescope the constraint in Fig. 1 is obtained by comparing the Zumberge
value for G to the Cavendish value of Go, which is itself
determined over a scale of a few centimetres. This discussion
applies (with appropriate changes) to the mine/borehole and
lake experiments.

The other regimes in which the limits on f have improved
50 cm are at small A (laboratory scales) and at larger A (satellite and

astronomical scales). At present the best laboratory limits come
from the null experiments of Hoskins el aL3" and Chen el aL3

8

Thermometer These experiments arose in part from work by Long39, who in
1976 claimed to see deviations from the inverse-square law. To
illustrate the novel technology used in some of these experi-
ments, we will briefly describe the null experiment of Hoskins
et aL, which tests Newton's law in the 2-5-cm range. These

FIG 3 The E6tvds 'single-arm' apparatus, shown to scale. This drawing is authors note that if the 1/ r2 law is exact then a test mass located
based in part on details supplied in ref. 19. and on an original torsion balance inside an infinitely long hollow cylinder would experience no
which survives in the museum of the Geophysical Observatory in Tihany, gravitational force, just as if it were inside a spherical shell.
Hungary. See ref. 20 for additional background. Although there are corrections for end effects in a finite cylinder,
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these are small enough to allow detection of the force that would are in the process of doing a new experiment using the 2,000-m
arise from a deviation from the 1/r 2 law. By monitoring the WABG television tower near Indianola, Mississippi. This site
torque on a test mass inside the cylinder as the distance between was selected in part because the flatness of the surrounding
the mass and the cylinder is varied, limits can be set on possible terrain should help to minimize the problem of terrain bias
non-newtonian forces. Another novel technology is the laplacian encountered in their earlier work. Working in the other direction,
detector of Paik't, which directly tests the implication of the the terrain problem noted by Bartlett and Tew3 ° apparently
l/r2 law that the gravitational potential O(r) is a solution of accounts for most of the anomalous results originally rejorted

the equation V2OWr) = 0. Although the existing limits from this by Stacey et al. But results reported by Ander et aL from
experiment are less stringent than those of refs 37 and 38, this Greenland require further study to determine whether the
technology offers the prospect of considerable improvements in apparent anomalous accelerations g(z) in that experiment could
sensitivity. Moreover, the laplacian detector can be used to study arise from subsurface concentrations of relatively dense
newtonian gravity in space, and efforts along this line are cur- material.
rently under way.

For values of A in the range IO6-10Mm there has been a clN11tllpO$f Xmi Sff XpiIW| tS
considerable improvement in f which resulted from a com- We turn next to describe the recent progress in composition-
parison by Rapp4 2 of the values GM0 inferred from Earth- dependent experiments. Before 1986, the only reliable data came
surface gravity measurements, and from a study of the orbits from the original experiment of Eotvos, Pekar and Fekete
of the LAGEOS satellite and of the Moon about the Earth. The (EPF)'9 '2°, which primarily compared the accelerations of
improved limits near A - 10" m come from the analysis in ref. various pairs of materials falling to the Earth, and from three
9 of planetary data on G(r), as well as data on anomalous later experiments 26 "2s which used the Sun as a source. The
planetary precessions. To understand how these data can be Eotv6s apparatus (Fig. 3) was used to measure the differential
used to set limits on a and A, we recall from equation (3) that torque on a torsion balance for 11 pairs of chemically different
in the presence of a new force the newtonian constant G. is materials' 9 . As the experiment was originally intended to test
replaced by the function G(r). It follows that under these the principle of universality of free fall, it was assumed that any
circumstances Kepler's third law assumes the form acceleration difference between the test samples would arise

from the force exerted on these materials from the Earth as a
aP= whole. But it was noted in ref. I that their results could also be

where T. is the period, and a, is the physically measured used to set limits on interactions arising from a local source

semi-major axis, of planet p. Given a set of values of aP and T,, (such as a mountain, cliff, basement), if the chemical composi-
for the various planets, G(ap)M, can be determined and its tion and matter distribution of the source were sufficiently well
constancy tested. The curves labelled 'Planetary' in Fig. I derive known. References 7, 19 and 20 describe the original EPF
from an even more sensitive test, namely the anomalous pre- experiment in more detail.
cession of the perihelion of the orbit induced by a non-newtonian The original E6tv6s experiment can be used to set limits on
coupling. For the Yukawa interaction in equation (2) the intermediate-range composition-dependent forces, but because
anomalous precession 80. is given by various details of this experiment remain unknown to us, these

limits are necessarily somewhat model-dependent. Thus, as a

8p = 7ra(a/A) 2 
e-"A/ (9) practical matter, the only unambiguous limits on composition-

dependent forces before 1986 applied to those for which A z
where a is the mean value of the semi-major axis of the orbit. I AU, which derive from the experiments of refs 26-28. We see
Because a precession of the perihelion is also predicted by from Fig. 4 that the whole distance scale from a few centimetres
general relativity (GR), one can extract a limit on 89,. (and to I AU has now been filled in by high-precision experiments
thereby on a and A) only by assuming that GR is correct, for using both laboratory and geophysical sources. (As in Fig. 1,
which ample independent evidence exists43. we show only the envelope of the limits derived from the various

In summary, much progress has been made since 1981, but experiments, and not the individual results.) Most of the new
additional work needs to be done over the distance scales in experiments use torsion balances similar to those developed by
the geophysical window. At present Eckhardt and coworkers E6tv6s to compare the accelerations of their test masses. We
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show in Fig. 5 the apparatus used Adelberger et al.05 (known near Mount Index in Washington. It can be shown 7 that a
as the Eot-Wash collaboration), who have carried out the most dependence of T(O) on the orientation of their ring (which is
extensive searches for composition 4 '.pendent effects over a a composition dipole) is a signal for a composition-dependent
wide range of distance scales. As can be seen in Fig. 5, all of fifth force, just as the shift in the equilibrium position of the
the test masses in the Eot-Wash balance are located in the same balance is for the EPF and E6t-Wash experiments. The first
vertical position, in contrast to the case for the E6tv6s balance. results published by Boynton et aL found a marginally significant
The E6tvos apparatus was originally designed to measure gravity signal that could be interpreted as evidence for a fifth force.
gradients, which required a vertical separation of the masses. Their signal was a nonzero value of the difference A T(9)/T(O)
This separation is, however, undesirable in searches for compo- where A T(O) = T(O) - T(O + r), and where e = 0 corresponded
sition-dependent effects, as it produces a substantial systematic to the aluminium half of their beryllium-aluminium ring being
bias which must be compensated for. The Ebt-Wash balance adjacent to the cliff. Boynton et aL found for A T(9)
introduced other innovations, such as compensating masses to
cancel (vertical) gravity gradients, a high-precision turntable to A T(O)/ T(O) = (-4.6- I.I ) x 10-6 cos 0
rotate the apparatus smoothly and an optical read-out system. + (+0.1 ± 1.2)sin 0
Adelberger and collaborators have compared the accelerations (. 2s
of different pairs of test masses towards various sources, includ- But a later experiment47 using a copper-polyethylene ring found
ing a large mass of lead bricks, the hillside adjacent to their no evidence for a fifth force. It is not yet clear how we should
apparatus, and the Earth. In all cases their results have been interpret the result in equation (11), and Boynton et aL are
compatible with the weak equivalence principle, which is to say continuing their efforts with an improved apparatus. The result
that they see no evidence for a composition-dependent fifth in equation (1I) is not compatible with the more stringent limits
force. As an example, their most recent hillside limit on the of experiments that obtained null results (see Table I of ref. 3).
acceleration difference Aa, of aluminium and beryllium is45  In addition to variants of torsion balances, a number of novel

techniques have also been introduced, such as the floating-ball
Aao[Be- Ai] = [(-2.0± 2.2)E + (0.9 ± 2.1)N] experiments of Thiebergert" and of Bizzeti et aL. 9, and the

X 10-" cm s` (10) free-fall experiments of Niebauer et aL2
4 and Kuroda and Mio2

l.

Thieberger's experiment is shown schematically in Fig. 6. The
where - and A are unit vectors which point east and north central feature is a hollow copper ball floating in water. A
respectively. For further details of the Eot-Wash experiments, composition-dependent fifth-force Fs (arising in his experiment
see ref. 45. from a cliff at the Palisades, New Jersey) would act differently

A complementary design for a torsion balance has been intro- on the test masses, which are the copper shell and the water it
duced by Boynton et aL4. These authors measure the period displaces. This unbalanced force causes the ball to move, and
T(0) of a ring composed of two dissimilar materials oscillating from its velocity we can infer the magnitude of F,. The advantage
in a horizontal plane, as a function of the initial orientation of such an apparatus is that the high degree of symmetry of the
angle 0 of the ring with respect to their source, a cliff located test masses makes this experiment relatively insensitive to gravity

gradients, which could simulate the presence of a fifth-force. In
practice, the symmetry of Thieberger's apparatus is broken by
a small pin which protrudes from the sphere and which is needed
to make the sphere buoyant. Bizzeti et al. have carried out aS cm Fibre positioner similar experiment (in a monastery near Vallambrosa, Italy)
with an apparatus of even higher symmetry. They use a solid
nylon sphere floating in a solution containing various salts, and
the ball is kept buoyant by a gradient in the density of the
solution.

Historically, Thieberger's experiment was the first test of the
Tungsten fibre• Helmholz fifth force hypothesis to search for a composition-dependent

coils effect. In fact Thieberger detected such an effect, in the form of

a steady drift of his sphere across the tank. The average velocity
of his sphere, v = (4.7 ±0.2) mm h-, could be accounted for by
the model in equations (5)-(7) with aA = (1.2±0.4)m. By con-
trast, Bizzeti el aL have set an upper limit of v<0.010

• t mm h-(Ior) on a drift of their sphere, and the corresponding
(test masses) limit for a coupling to B is fA <0.30m (Ia) for A• ! km.

Another interesting route which is being explored is the use
of gravity wave antennas as fifth force detectors" 51 . In simple
conceptual terms, such an experiment consists of a cylindricalcoils Turntable detector and a nearby rotating composition dipole whose axis

"drive shaft passes through the centre-of-mass of the rotating masses. In the
absence of a fifth force the rotor would drive the detector at
twice the frequency w of rotation (assuming that the axis of
rotation is precisely aligned with the centre-of-mass of the rotor).
In the presence of a composition-dependent fifth force, there
would be an additional force at w, and if c corresponds to the

C resonant frequency of the bar, then limits can be set on f. At
Baseplate present these limits are not yet competitive with those from

vibration isolator other experiments, but as the technology of gravity-wave detec-

FIG. 5 Diagram of the Eot-Wash torsion balance of Adelberger et al. adapted tors improves, so will the sensitivity of such experiments.
from ref. 45. In contrast to the original E6tv6s apparatus (Fig. 3). the In addition to composition-dependent experiments that use
E6t-Wash balance has the different test masses very symmetrically geophysical sources, other experiments constrain f for both
arranged. The experimental site is the Nuclear Physics Laboratory. located smaller and larger values of A. Using Fig. 4, we can summarize
on a hillside at the University of Washington in Seattle. the present situation as follows. For small values of A, experi-
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materials j and jf may coincidentally have the same values of
copper B/IA (ratio of baryon number to m/mH), and hence have the

shell same accelerations even in the presence of a fifth force. Related
to this is the possibility that the charge that determines the
strength of the fifth force interaction is not necessarily B, but
may be some linear combination of the possible quantum num-
bers which describe a sample of bulk matter. If N and Z denote
the numbers of neutrons and protons respectively, then the most
general additive charge Q is

Q = cos OsB + sin 8slz (12)

where (as before) B = N + Z, Iz = N - Z and 05 is an appropri-
ate 'mixing angle'. The previous formalism can then be taken
over with BIA replaced by Q/11. It follows from equation (12)
that at least two pairs of materials must be compared to rule
out the possibility of an accidental cancellation in the charges
of the test masses, and this has been checked explicitly by the
E6t-Wash collaboration' 5 . It is also possible that for some

water choices of Q (for example Q @E lz) the source strength (Q1 A),
could also vanish. For Q = 1z this is an interesting possibility,
because most geophysical sources have near-zero values of lz.
(An exception is water, which was the source in the experiment

containing of Bennett"6.) The possibility that some geophysical experiments
vessel had obtained null results because Q = lz = 0 was excluded byvarious laboratory experiments'"" which capitalized on the

FIG. 6 Schematic cdrawing of the forces on a hollow copper shell floating in fact that a lead source has a relatively large value of 1z.
water. In the absence of a composition-dependent fifth force F5. the weight
Mg is supported by the buoyant force Fb. The presence of F5 (due to an Elementary particle experlment
external source) leads to an unbalanced force which moves the shell. See The energy-dependent effects reported by Aronson et aL16 which
refs 48 and 49 for more details, provided part of the motivation for the fifth-force hypothesis,

have also been tested experimentally. Grossman et aL. searched
ments have typically involved laboratory-size sources construc- for an energy dependence of the Ks lifetime rs - /,Is by coin-
ted using blocks of lead45. 52-55 . The obvious advantage of such paring its value measured in the momentum range (100-350)
experiments is that the source has known dimensions and comn- GeV/c to the laboratory value determined in the range (2-5)
position, but their disadvantage is that the sensitivity of such GeV/c. Their result, Ts = (0.8920±0.0044)x 10-10s, is in
experiments drops quickly as the range of the putative fifth force excellent agreement with the laboratory value r, =
increases. As noted above, for larger A the best limits on f come (0.8922 ± 0.0020) x 10` 0 s. Similarly, Coupal et aL 9 found In7 =
from experiments using geophsical sources, such as a canal (2.28 ± 0.06) x 10-3 in the momentum range (30-150) GeV/c,
lock56 , a mountain or a cliff5 4"•"•'9.'

57 .These have the advantage which agrees well with the low-energy laboratory value I n. =
of using much larger sources than laboratory experiments, albeit (2.268 ± 0.023) x 10-3. But as noted in ref. 60 the Coupal result
ones whose compositions are less well known. for Inj is also consistent, within their quoted errors, with that

As A increases, there is a region in which the best limits on of Aronson el aLt6. Recently. Carosi et aL6' have reported
f come from Galileo-type experiments24

,
25, which compare the high-energy determinations of 0, and 4600. They obtain

accelerations of two test masses falling freely towards the Earth. &ý =46.90±1.40±0.70, .,0 =47.10±2.10± 1.00, 70GeV,1 EK!C
These experiments are inherently less sensitive than those using 170 GeV, where the first error is statistical and the second is
torsion balances, but are in practice easier to analyse in the systematic. These results are in good agreement with the corres-
region 104 m 1 A G 106 m. This is a consequence of the fact that ponding low-energy values6 2.
Galileo experiments are sensitive to the component of force Another implication of the original model of a coupling to
parallel to g, ('Fg') whereas torsion balance experiments are hypercharge has also been called into question by recent experi-
necessarily sensitive only to the component of F perpendicular ments. This is the suggestion63-" that the quanta of this field,
to g. Over this intermediate range, F, is significantly less sensitive called hyperphotons (yy), could be detected in decays such as
to fine details of the underlying structure of the Earth than is K' -. wr + Iv. The signal for such a decay would be the detection
F1, and hence is much more precisely known. As the Galileo of a 7'+ with an appropriate momentum, IpI = 227 MeV/c, and
experiments can be interpreted with much higher certainty than no other detected particles. This is a fairly clean signal which
the torsion balance experiments, they consequently give rise to has been looked for in several recent experiments. The current
the best limits in this region of A. Further improvements in the best limits on this branching ratio are
analysis of F, over these distance scales may eventually allow r(K , * ++ undetected neutrals)
limits from torsion balance measurements to surpass those from
Galileo measurements, which are indicated by the hatched (K+--all final states)13)
region in Fig. 4. ; 4.6 10-8, 90% confidence limits6 7

As A increases still further, terrestrial E6tv6s experiments
again surpass free-fall experiments in the limits they give for &, 6.4 x 10-9, 90% confidence limits"
because F, now depends only on global properties of the struc- Several theoretical calculations have used the experimental limit
ture of the Earth. Finally, for A - 1 AU the Ebtvbs-type experi- in equation (13) above to infer limits on the strength, f 2, of a
ments using the Sun as a source are the most sensitive, as we possible coupling to hypercharge. Although the results of these
noted earlier. We see that at present, the distance scale from calculations differ considerably, for a coupling to hypercharge
roughly I m to I AU is now covered by overlapping experiments ( Y = B + S) they all agree that the inferred values of f 2 are
using a variety of technologies, probably too small to be compatible with either the energy-

When studying composition-dependent effects it is also dependence of the kaon parameters claimed by Aronson et al.
necessary to take account of the possibility that a given pair of or with the value of f 2 required to explain the Eotvos data' 9 .
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APPENDIX G

THE SECOND COMING OF TOWER GRAVITY: AN UPDATE

Donald H. Eckhardt, Anestis J. Romaides, Roger W. Sands, and Christopher Jekeli
Phillips Laboratory, Geophysics Directorate (AFMC), Hanscom AFB, MA 01731

Ephraim Fischbach, Carrick L. Talmadge, and Harry Kloor
Physics Department, Purdue University, West Lafayette, IN 47907

ABSTRACT

The Phillips Laboratory and Purdue University are conducting a tower
gravity experiment near the town of Inverness, MS. Gravity is measured at six
elevations on the 610 m WABG-TV tower as well as on the surface in an 8 km
radius about the tower. These data are combined with archived data extending to
300 km. Using previously devised techniques, the surface data are analytically
continued and compared with the observations. The current difference at the
highest tower elevation surveyed so far, 493 m, is 34 gGal.
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INTRODUCTION

In December 1991 the Phillips Laboratory (PL) Geophysics Directorate
(formerly AFGL) published the final results of a search for non-Newtonian
gravity. The experiment conducted on the WTVD tower in Clayton, NC, led to a
null result. Many difficulties were encountered in the North Carolina experiment,
not the least of which were systematic effects due to improperly modeled terrain.
This led to a bias which resulted from the fact that the gravity survey elevations
were not representative of the actual terrain. These problems were compounded
by the sparsity of gravity data between 5 and 10 km from the tower, and by the
inaccessibility of those areas due to dense regions of trees. Because there were
some lingering uncertainties involving the final WTVD results, we embarked on a
follow-on tower experiment in an area where all known uncertainties could be
minimized.

After a lengthy search, PL selected the 610 m WABG-TV tower located
northeast of Inverness, MS. Inverness is about 50 km east of the Mississippi River
and about 350 km north of the Gulf of Mexico. The area surrounding the tower is
extremely flat out to a distance of 40 km. Also, the area is free of any type of
forests, permitting gravity measurements to be made at most desired locations.
Furthermore, the existing gravity data in the area are much more extensive than
that in Clayton, NC. We believe that, given these advantages, we shall be able to
resolve many, if not all, of the previous difficulties.

SURFACE GRAVITY SURVEY AND ANALYTIC CONTINUATION

Based on existing data in the tower area, supplied by the Defense Mapping
Agency (DMA), an inner zone survey out to 8 km was deemed sufficient. The
survey plan called for a set of concentric rings with up to ten points in each ring.
The ring spacing was such that each of the inner ten rings contributed nominally
equal weight in the analytic continuation at the top of the tower. This led to ring
radii of 150, 300, 450, 600, 800, 1050, 1400, 1900, 2600, and 3600 m from the
tower. The remaining rings were placed at distances of 4900, 6400, and 8100 m.
PL and Purdue began the near-tower gravity survey in the fall of 1991. The
points were positioned using a combination of the Global Positioning System (GPS)
and trigonometric leveling using an Electronic Distance Meter (EDM).
Positioning all the points using GPS was not possible due to interference from the
transmitter near the tower t ). The EDM points were positioned to an accuracy
(relative) of 1 m in the horizontal and 2 cm in the vertical; the GPS points were
accurate (relatively) to 3 cm in the horizontal and 4 cm in the vertical. A total of
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355 observations contained in 25 survey loops resulted in 123 gravity points
surveyed in the region over a period of six months. A least-squares adjustment
was performed on the data along with corrections for earth tide, gravimeter drift,
and scale factor. The resultant rms error is 13 MGal with no individual errors
greater than 30 gGal.

-2La.

"-2

-2 -1 0 1. 2

LONGITUDE (KM)
Fig. 1 Survey determined elevations minus digitized elevations
contoured at 0.5 m. Dots represent locations of survey points.

The next phase was the removal of the high wave number component of the

gravity field from the surface measurements. Using U.S. Geological Survey
topographic maps, with a reported accuracy of 76 cm, we digitized the elevations
inside a 10 x 10 km region. We interpolated the digital terrain to the points of our
survey, determined elevations, and compared the results. The USGS maps are
good, but not perfect; the nis difference between our elevations and those of the
maps is 85 cm (Figure 1). Especially striking is the effect of the catfish farms
(large pools of raised earth where local farmers breed catfish) just south of the
tower that do not appear on the USGS maps and thus show up as large elevation
differences. Using the comparison results, we corrected the digitized elevations
and computed terrain-corrected Bouguer anomalies for all points inside of 10 km.
Due to the benign nature of the surrounding terrain the rms terrain correction to
the Bouguer anomalies was a mere 0.4 jiGal. The resultant gravity field is very

smooth with an anomalous horizontal gradient of about 6.7 E in contrast to about
13 E in the North Carolina area (Figure 2).
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Fig. 2 Terrain-corrected Bouguer anomalies. Dots show the
location of survey points; contour interval is I regal.

We merged our corrected data with archived data obtained from DMA

which were accurate to 1-2 rgal and extended to 300 km from the tower. We

selected 7781 points to be used in the analytic continuation from a total of 50292.
We obtained digital data from DMA for use in terrain correcting all gravity
points, but the voluminous amount of data made for large computational and
storage requirements. So, given that the terrain corrections inside 10 Ian were
very small, we computed simple Bouguer anomalies for the DMA points that fell
outside of 10 kan from the tower. The DMA points within 10 km of the tower
were also terrain corrected using the digitized elevation data.

For points outside 10 Ian, we used a procedure similar to the one in North
Carolina. There, we found that the DMA data were biased towards the higher
elevations. Given that the bias extended to 20 Ian from the tower, we assumed a
constant bias of 7 m from 20 km out to 200 km. Ibis led to a constantly sloping
residual of 42 gGal at the top of the tower and zero at the base2). Presumably the
DMA data around the WABG tower also contained some outer zone terrain bias
despite the flat terrain.

Using the USGS and DMA digitized data together, we computed mean
elevations out to 40 krm from the tower. We also computed mean elevations of the
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gravity data (540 km) and compared the results (Figure 3). The figure clearly
shows a terrain bias beyond 10 km; the bias continues beyond the boundaries of the
figure, growing to as large as 5 m. So, as in the WTVD experiment, the data are
biased towards higher elevations even though in the inner survey area (< 10 km)
we were very careful to insure unbiased data. We corrected for the bias out to 40
km based on the results of the comparison between digital elevations and gravity
elevations shown in Figure 3. We then assumed that the 5 m bias at 40 kIn is
constant out to 300 km (the full extent of the data).
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Fig. 3 Azimuthally averaged elevations. Triangles are the
elevations of the gravity points. Boxes are the digitized
elevations of USGS (<10 km) and DMA (10 - 35 krn).

We analytically continued the surface Bouguer anomalies using a
combination of a summation of Fourier-Bessel series as a reference field, and a
numerical integration technique for the residuals from the reference field3). We
performed a four-step nested symmetric Bessel function fit. Residuals were
computed after each fit which served as input to the succeeding fit at progressively
smaller distances; this allowed for the resolution of higher wave numbers. Step 1
is a 35 parameter fit extending to 300 Ian; step 2 is a 6 parameter fit extending to
7 kim; step 3 is a 3 parameter fit extending to 1.3 k1m; and the final step is a 2
parameter fit extending to 0.3 km. Weights were computed for residuals from this
reference field which were then analytically continued. The terrain had been
removed prior to analytic continuation, so its effect was then added to the
predicted values at the various tower elevations.
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TOWER DATA AND PRELIMINARY RESULTS

The tower gravity experiment is currently incomplete. We have measured
gravity at five elevations on the WABG tower using the LaCoste-Romberg
gravimeter, G-152. The data were collected in four loops with a total of only nine
observations. The tower elevations were determined to an accuracy of 2 cm using
an EDM. All measurements have been made in less than ideal conditions with
wind speeds exceeding 15 km/hr. We estimate the accuracy of the tower data to be
in the range 20-25 gGal even though the rms errors are on the order of 10 jLGal.
An attempt to measure at a sixth elevation, 571 m above ground level, failed. At
571 m, both the galvanometer and the reading line on the gravimeter were
disabled, for reasons that are as yet unclear. One possibility is the presence of a
very strong magnetic field, although we cannot rule out other effects such as radio
frequency interference (RFI). The WABG preliminary results (shown in Table 1)
are plotted alongside those of the WTVD tower at commensurate elevations in
Figure 4. The agreement is good and, with the exception of the 94 m level, the
two results agree to within 16 jiGal.

Table 1. Preliminary WABG Analytic Continuation Results

Elevation Observed Predicted Observed-Predicted
(m above ground) (mGal) (mGal) (mGal)

0.000 9.445±.009 9.434±.054 0.011±.055
93.845 9.379±.022 9.363±.025 0.016±.033

194.363 9.300-+.022 9.305±.019 -0.005±.029
292.564 9.233±.023 9.243±.020 -0.010-+.030
388.511 9.148±.023 9.179-+.023 -0.031±.033
493.589 9.078±.024 9.112±+.026 -0.034±.035

SUMMARY AND FUTURE PLANS

These results leave us with several tasks to perform: 1) obtain more tower
data during better weather conditions (wind speeds <15 km/hr); 2) terrain correct
the gravity data out to 40 km or beyond; 3) continue error analysis and obtain
improved error estimates for analytically continued values; and 4) resolve the
problem at the 571 m elevation so that gravity data can be collected. Previous tests
have shown that RFI disables the galvanometer but has no effect on the reading
line. In addition, mu-metal shielding around the gravimeter should protect it from
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stray magnetic fields. So, either the previous tests are somehow incomplete, or
there is some other yet unknown cause. Once all the above tasks have been
completed to our satisfaction we should be able to present our final results for the
WABG tower and for the topic of tower gravity in general.
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Fig. 4 Observed minus model results for the two tower
experinents and their associated errors. The boxes are final
WTVD results and the diamonds are preliminary WABG results
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APPENDIX H

GLOBAL POSITIONING SYSTEM AND TELEVISION SIGNALS:
ARE THE TWO COMPATIBLE?

by

Anestis J. Romaides and Roger W. Sands
Phillips Laboratory, Geophysics Directorate (AFMC), Hanscom AFB, MA 01731

and

Ephraim Fischbach and Carrick L Talmadge
Physics Department, Purdue University, West Lafayette, IN 47907

ABSTRACT

In November 1991, the Phillips Laboratory (PL), Geophysics Directorate in cooperation
with Purdue University, conducted a Global Positioning System (GPS), survey near Inverness,
MS. The survey was carried out around the 610 m WABG-TV transmitting tower. The data were
used in the ongoing program by PL to study possible departes from Newtonian gravity. Data
were collected within an 8 km radius of the tower. Inside 2 km, half of the six GPS receivers were
unable to lock onto incoming GPS signals. We believe that some form of tower transmissions,
possibly microwave, interfered with the signal transmitted by the GPS satellites.
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INTRODUCTION

In November 1991, the Geophysics Directorate of the Phillips Laboratory in collaboration

with Purdue University performed a GPS survey near the town of Inverness, MS. The survey

was designed to establish accurate geodetic positions where gravity measurements could

subsequently be made. At the center of the survey area is the 610 m WABG-TV television
transmitting tower which is the main focus of the ongoing non-Newtonian gravity program at PL

(Jekeli et al., 1990, Romaides et al., 1991). The reason for using GPS is that it provides one of
the most accurate methods of position determination for the surface gravity measments. Gravity

measurements are also being carried out on this tower as well as on the ground. These ground

data, along with previously collected data (obtained from the Defense Mapping Agency Gravity

Library), will be used to analytically predict what gravity should be at various elevations on the

tower in the absence of non-Newtonian forces. The predicted values will then be compared to the

tower measurements. Any error in the latitude, longitude, or elevation of the surface gravity also

adds to the error of the predicted values. For the latitude and longitude the error is on the order of

2 LGal/m, and for the elevation 3 paGal/cm (1 ttGal = 10-6 cm s-2). Given an allowed prediction

error of 25 ttGal, the latitudes and longitudes must be known to an accuracy of 20 - 50 cm, and the

elevation 2 - 5 cm depending on the relative distance to the tower. GPS provides a convenient and

rapid way for the survey to be completed given the unpredictability of the weather in that area. The

survey consisted of 134 points extending to a radius of 8 km from the tower, but for the purposes

of this paper we shall focus on the inner 2 km of the survey. It is in this area that we believe the

television signal interfered with the reception of the GPS signal, severely hindering our survey

efforts in that region, and leading to delays in the project completion.

THE INITIAL GPS SURVEY

The survey was divided into concentric rings where the inner 2 km radii were: 150, 300,

450, 600, 800, 1050, 1400, and 1900 m from the tower (rings A through H respectively). Each

ring contained 10 points with every other ring offset by 18 degrees (Figure 1). We planned the

survey employing a six GPS receiver configuration. The receivers were Ashtech Inc. dual-

frequency GPS receivers, two M-XII models and four LD-XII models. The two M-XII models

were our own and the four LD-XII were rented from Ashtech. We labeled GPS receivers 1, 2, 3,

IA, 2A, and 3A strictly for identification purposes. We had two survey teams each responsible for

three receivers; one team had receivers 1, 2, and 3 and the other IA, 2A, and 3A. At the time of

the survey there were favorable constellations during the day that permitted five observing sessions

of 1 hour and 45 minutes with 30 minutes allowed between setups. During the sessions there were
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four satellites available most of the time with five (and possibly six) satellites available for about

half of the time in each session. The survey was designed to form closed loops of six-sided

polygons with each receiver placed at a vertex. The plan was to do two concentric rings a day

working outward from the tower and repeating the outer of the two rings on each succeeding day.

In each session three receivers would be set up on the inner ring and three on the outer ring. At the

end of each session, four of the six receivers would be moved to new locations with the other two

remaining fixed to form the next polygon. In this way five sessions would allow for the

completion of two rings; also the first two points observed in session I would be the same as the

last two points observed in session 5. (See Figure 2 for receiver configuration and session

observations.) Because of some practical considerations involving accessibility, the placement of

the points was not exactly as planned (see Figure 3).

On 13 November 1991 (Julian day 317) we began our GPS survey setting up on the A and

B rings (150 and 300 m) with our six receivers. After about 10 minutes we noticed that only two

of the six receivers had locked onto any satellites, the other four were in a search mode with none

of them able to lock. (From this point on, we will refer to the receiver and antenna

interchangeably even though it is the antenna that locks onto the GPS satellite signal and not the

receiver itself.) The only two that locked were at the points designated B8 and B9 (See Figure 2),

and even those two did not immediately lock onto the satellite signals as was usually the case.

Even after an hour the situation did not change; the receivers on points B8 and B9 continued to

collect data while the other four obtained no locks. Since there were no obstructions to hinder

incoming satellite signals, the implication was that something associated with the television

transmitter was creating interference. In an attempt to determine the extent of the problem, receiver

3 (selected at random) was placed at several selected points to ascertain whether a signal could be

detected anywhere in the vicinity of the tower. When this receiver was located on the C and D

rings located 450 m and 600 m respectively from the tower, no satellite locks were obtained, just

as in the case of the A and B rings. However in the E ring (800 m from the tower), the receiver

was able to lock onto four satellites in one position (located SSW from the tower) but not in

another position located NW of the tower. Finally at the F ring, 1050 m from the tower, the

receiver was able to lock onto all available satellites in all the azimuthal orientations that were

tested. Due to the stringent time constraints we were working under, a thorough analysis of the

interference problem was not possible at that time. So based on the preliminary analysis we

deemed it best to begin the survey at the F and G rings, and to then try to obtain positions and

elevations for the inne: rings using some other method such as trigonometric leveling.

On 14 November 1991 (day 318) the receivers were placed on the F and G rings in the

configuration called for in the survey plan (Figure 4). In the first session the six receivers were set

on points GO, GI, G2, F9, FO, and Fl. Problems again surfaced with only three of the six
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receivers being able to lock onto the available satellites. After five complete observing sessions on

day 318, we had successfully collected data for seven out of ten points in the F ring and five out of

ten points in the G ring. On the next day (day 319) our receivers were set up on the G and H rings

beginning with points HO, HI, H2, GO, GI, and G2. This time four of the six receivers were able

to lock onto available satellites. As day 319 progressed the situation improved, and by the end of

the day we had obtained data for six out of ten points in the G ring (one more than the previous

day) and eight out of ten points in the H ring. Finally on day 320 we collected data for nine out of

ten points in the H ring and all ten points in the I ring (2400 m). Interestingly, for the H ring we

collected no data for H2 on day 319 but were successful on the following day. Similarly data were

collected for H4 on day 319 but not on day 320. The situation was different for H2 and H4. In

both of these cases the receivers were able to lock onto only one or two satellites even though in

each of the two observing sessions there were at least four and possibly five satellites available.

The H ring, situated 1.9 km from the tower, was the furthest ring from where any of our receivers

had trouble locking onto satellite signals. The remainder of the survey out to 8 km was completed

without problems. Also where possible we surveyed points in the inner rings using an Electronic

Distance Meter (EDM). We were able to position 33 points in this manner. The EDM

measurements were facilitated by the generally flat and featureless terrain. With the exception of a

few trees there were no significant obstructions that could account for the reception problems that

we encountered.

PRELIMINARY ANALYSIS

After the initial GPS survey, we decided to do a more rigorous analysis of this interference

problem. We computed WGS84 positions for the GPS surveyed points as well as for the points

on the inner rings that we had measured using trigonometric leveling. For the points where

obtaining GPS positions were unsuccessful, we used a U.S. Geological Survey topographic map

to obtain approximate positions. Figure 5 shows the result of this exercise. The unmarked points

are those with successfully obtained GPS positions. Those identified in italics are points where we

were unable to obtain satellite locks at any time, and the remainder are points where the receivers

were able to lock at one time but unable to lock at another time. As can be seen from Figure 5, the

problem areas do not appear to be random, rather there appear to be preferred directions. First,

there is only one point west of the tower (beyond the E ring), G7, where we were unable to obtain

a GPS measurement, most of the problems occurring to the east. But even in the east there

appeared to be preferred directions. The largest areas of difficulty seemed to be concentrated in

three azimuthal regions: NE, ESE, and SSE.
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We examined the GPS satellite constellations for the points G1, G3, 05, and G7. These

were the points that were observed twice but on both occasions the receivers were unable to obtain

satellite locks. Even though the observing sessions were only separated by a day, all four points

were observed at different times during the second day with a somewhat different satellite

constellation. However there did not appear to be any differences in the satellite constellations that

could give rise to any reception problem. Furthermore, stations where data were not collected

were grouped with others in the same observing session where GPS signals were successfully

obtained. This conflicting behavior of the different stations was unexpected since stations in any

given observing session were seeing essentially the same satellite constellation even though they

were separated by a small distance. A similar exercise was attempted with the points where data

had been collected on one session but not on another session. Of particular interest were the points

G4 and GO. At G4, data were successfully collected on day 319 but not on day 318. Examination

of the satellite sky plots for 04 on days 318 and 319 again revealed no clues to the problem. Due

to the similarity of the satellite configurations, the only other possibility was a variation of the

television signal at different times of the day. Another example is GO, where data were

successfully collected at the end of day 318, 1720 - 1928 hrs, but not at the start of the session,

0810 - 1005 hrs. Again, the two satellite sky plots for the sessions 1 and 5 respectively, revealed

nothing significant. The only conclusive feature of this puzzle was that west of the tower there

was only one station that caused a problem; the preponderance of the difficulties were to the east.

It is interesting to note that in addition to the 610 m television transmitter, there is another smaller

television tower (400 m) located about 500 m northwest. The region northwest of the tower is one

of only two areas, the other being the southwest, where we had no problem receiving satellite

signals. Also during the first attempts at observing on the A and B rings, the only two points

where data were collected were the points B8 and B9, both located in the northwest quadrant. One

final note, every day we observed the rings in a clockwise direction starting in the north where the

first observations were made between 0730 and 0800 hrs, and ending in the north with final

observations made between 1830 and 1930 hrs. This would mean that all afternoon observations

were made in the west and all morning observations were made in the east. Once again,

examination of the satellite sky plots for the morning and afternoon of day 318 did not reveal any

good reason for the preferred directions, so again we suspected variations in the transmitting

signal.

THE FOLLOW-UP SURVEY

As a result of the problems we encountered with GPS, we initially fell 26 points short of

our objective of 134 points. Hence in March 1992 we returned to Inverness, MS both to finish our
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survey and to more clearly define some of the problems we had been having. We also began our

gravity survey at the known GPS points. This time we had only our own two M-XII receivers

labeled 2A and 3. Without the luxury of six receivers the only plan was to set up one receiver on a

previously surveyed point and to set up the other receiver on an unknown point. Then as a check

the receiver on the known point would be moved to another known point. In this way coordinates

for the unknown point could be computed from two known points thereby providing a check on

the accuracy. The key to any experimental anomaly is repeatability, and so the question was

whether we could repeat the observational problems we had encountered the previous November.

We began our survey on 12 March 1992 (day 072) and at first data acquisition went smoothly for

the most part. In the month of March the satellite constellation was favorable in the morning and

from the middle of the afternoon in to the evening. We nsed the small window where there was a

dearth of available satellites (1200 - 1500 hrs) to continue our testing. Using receiver 3 we tested

several areas, including those that had previously proven problematical, but at no location were we

unable to lock onto available satellites. At one point, we even placed receiver 3 at a distance of 3 m

from the tower and it was able to lock onto all available satellites. It would appear that more

questions were raised than were answered, but as the survey progressed to day 073 similar

problems began to surface. This time with only two receivers and no rigid time constraints we

finally began to unravel the mystery.

It turned out that only one of our two receivers, 2A, was experiencing the interference

problems; the other receiver, 3, had no problem locking onto satellites in any direction or at any

distance from the tower. It would appear the reason receiver 3 had problems on day 317 during

the initial tests but experienced no such difficulties in March 1992, is simply that we did not allow

the receiver enough time to acquire locks during the early tests. We interchanged the antennas and

the receivers and the problem tracked the antenna. This was something we had riot expected. The

thought of a malfunctioning antenna (or receiver) had occurred to us but it was surprising that an

antenna would function correctly at distances greater than 2 km from a television transmitter, yet

experience difficulties at closer distances. The antennas for all six receivers were essentially
identical; if one or more could receive GPS signals in the presence of a television transmitter it

seemed unlikely that the others would behave differently. Yet this was exactly what was

happening, although the solution was still not that simple. Even though receiver 2A was

experiencing difficulties locking onto satellites, the problem was still directional to a certain extent.

In the E ring for the points we tested, receiver 2A was able to lock onto satellites for points E5 and

E6 but not for points El, E7, E8, and E9. In the F ring we tested all but one point. Satellite locks
were obtained for data points Fl, F3, F5, F6, F7, and F9 but not for points FO, F2, and F4 (see

Figure 5). So once again there appeared to be some directional variations in the television signal

that were somehow interfering with the GPS signals.
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Armed with this information we were able to complete most of the required survey. This

was done simply by planning the survey so that receiver 3 was always closest to the tower or at the

problem areas (e.g. F2 or G5), and 2A was further away from the tower and thus, from any

interference. Unfortunately three of the GPS stations previously surveyed had beei, disturbed or

destroyed before we had had the opportunity to obtain gravity measurements, so some of these

needed to be resurveyed as well. Also with only two receivers, achieving the same level of

redundancy and checking became more time consuming than had been anticipated. In addition to

the GPS surveying, a great deal of time was spent completing the majority of the necessary gravity

measurements. The heavy work schedule meant that by the end of this trip we were still about 12

points short of our final objective thus necessitating a third trip. Prior to returning to Inverness it

occurred to us that perhaps RF interference was affecting one of our receivers. It was possible the

shielding around the antenna cable for receiver 3 was superior to that of receiver 2A. We

constructed some heavy-duty (RG-214) cables to be used in place of the existing antenna cables.

We tested all cables before leaving to ensure they were functioning properly.

We returned for a third time to Mississippi on 5 April to complete the GPS survey. This

time in addition to our two M-XII receivers we rented two LD-XII receivers from Ashtech Inc. As

it turned out, one of the GPS receivers (receiver 2) was the same one we had rented in November

1991. The other receiver was totally new to us. This provided a unique opportunity to do some

additional testing on the antennas in and around the tower. When we began the survey on 6 April

(day 097) it became obvious that the only receiver having any problems locking onto satellite

signals was 2A. We then decided to test for RF interference from the tower using the heavy-duty

cables that we had constructed to replace the RG-58 cables we were previously using. We set up

all four receivers at E8 employing the RG-214 cable on 2A. The results were the same, the 2A

receiver was unable to lock onto any satellites while the remaining three receivers had no such

difficulty. This was the last test we did with the GPS antennas. By this time plowing was well

under way in the fields surrounding the tower, which destroyed several additional GPS points and

brought the total number of points requiring surveying to 27. We proceeded to collect the final 23

GPS points (five less than we had planned) and completed the gravity survey without further

problems.

THE FINAL ANALYSIS

In the end, 129 out of a proposed 134 GPS points were measured in and around the

WABG-TV tower in Inverness, MS. The five remaining points were never surveyed due to the

inaccessibility of the areas. The data were obtained on three separate trips: November 1991, and

in March and April 1992. Given that fact, the resolution to the interference problem was not
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intuitively obvious at the the time of the survey despite several pieces of evidence to that effect.

Using all the data at our disposal some missing steps can be retraced, and some definitive

conclusions can be drawn.

Looking back to November 1991 (day 318) we can make a few conclusive statements. We

now know that receivers 1, 2, and 3 were placed on the F ring and receivers IA, 2A, and 3A were

placed on the G ring. Examination of the survey plan for the F ring indicates that only one of the

three receivers was unable to lock onto the GPS signals. The survey plan for the F ring was as

follows:

Session Stations

1 F9, FO, F1

2 F1, F2, F3
3 F3, F4, F5

4 F5, F6, F7

5 F7, F8, F9.

Given the clockwise direction we were working, it is easy to see how the one problem receiver

could have been placed on FO, F2, and F4 during sessions 1, 2, and 3. Knowing that receiver 3

was operating correctly, and having tested receiver 2 in April, we concluded that receiver 1 was the

one that was unable to lock onto the GPS signals at various azimuthal directions in the tower

vicinity. There were no problems with any of the receivers in sessions 4 and 5. We also know

that receivers 1, 2, and 3 were placed on B7, B8, and B9 on day 317 when these problems were

first encountered. The above conclusions are also consistent with day 317 of the survey when two

receivers in the B ring (undoubtedly 2 and 3) were able to lock onto signals and the third was not.

For the G ring, the situation is less clear. The survey plan for the G ring on day 318 is given

below:

Session Stations

1 GO, G1, G2

2 G2, G3, G4

3 G4, G5, G6

4 G6, G7, G8

5 G8, G9, GO.

From past experience we knew receiver 2A was having problems. What we do not know for sure

is which of the other two, IA or 3A, experienced similar difficulties. On day 318 we failed to
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collect data for points GO (session 1), GI, G3, G4, G5, and G7. So in the first three sessions two

out of three receivers were not collecting data, while in session 4 the problem was limited to one

receiver. There are two puzzling aspects of this conclusion. Firstly, for station GO, data were

successfully collected at the end of the day (session 5) but not at the beginning (session 1).

Secondly, on the following day, day 319, only one receiver in each of the first three sessions failed

to collect data whereas on day 318 it had been two receivers that had failed. The one problematic

receiver on day 319 was obviously receiver 2A. Unfortunately we did not begin keeping track of

where the receivers were placed until day 320. If one assumes some directional nature of

interference, it is possible to construct a scenario where the receivers are placed on different

stations on days 318 and 319 thus causing the inconsistency between the two days of observation.

Once again we were faced with the conclusion that either receiver IA or 3A was having difficulty

locking onto GPS signals at a few azimuthal orientations. One final note on these receivers: on

day 317 all three were placed on the A ring (A7, A8, and A9), and after an hour none of them had

collected any data. So it would appear all three receivers had some degree of difficulty in receiving

satellite signals.

On day 319 receivers 1, 2, and 3 were placed on the H ring beginning with HO, Hi, and

H2 and ending with H8, H9, and HO. The results of the data collection were: no data at H2 and at

the second observation of HO. Once again we believed the problem was with receiver 1. Since we

were solving for latitude, longitude and elevation, a minimum of four GPS satellites locks were

required before the receiver would begin collecting data. As previously stated, for the H ring, and

to a certain extent the G ring, the receiver was able to lock onto one or two of the four or five

satellites available which was not enough to initiate data collection. This supported the theory that

at greater distances from the tower the problems began to subside.

What could cause three out of six GPS receivers to be unable to lock onto signals from the

GPS satellites in the vicinity of a television transmitter with no visible obstructions? The WABG-

TV tower is 610 m tall and transmits at 100 kW with a frequency of 88 MHz. According to the

engineers at the TV station, the transmitter is a circularly polarized antenna transmitting horizontally

and vertically downward with no measurable decrease in the signal strength up to a distance of 80

kmn. This means that there is no variation of the television signal in any azimuthal orientation. The

only component of the tower that could have any directional effect are the five 4 watt microwave

transmitters located between 50 and 100 m above ground level. Three of these microwave dishes

transmit to Greenville, and the other two to Greenwood. Greenville is WNW of the tower and

Greenwood is NE of the tower. Interestingly, these are close to two of the four directions where

we had difficulty in obtaining satellite locks. Perhaps this was all coincidence as the microwave

transmitters still did not explain the problems to the east and the south. Further, incoming GPS

signals arrive from all directions and not just from overhead so even though we were situated
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directly under the microwave beam, there should not have been any reception problems. As
previously stated, there is another transmitting tower northwest of WABG-TV. This is the 400 m

tall WMAO-TV 5 MW transmitter, and is located between points C9 and CO. This tower contains

only one microwave transmitter and it transmits in the direction of Jackson (SSE of the tower). It
is again interesting to note that SSE was one of the four problem directions.

CONCLUSIONS AND RECOMMENDATIONS

What, if any, conclusions can we draw from our experience in Inverness, MS? The most

obvious conclusion is that GPS measurements cannot routinely be made in the direct vicinity (<2

knm) of television and possibly radio transmitting towers. This, however, may be a luxury that a

surveyor cannot afford if a GPS survey needs to be conducted at an airport for instance, with

numerous transmitting towers. It does seem possible that some microwave signals emanating from

these towers create signal reception difficulties for some GPS receivers. In three out of the four

directions where we experienced signal reception difficulties there are microwave transmissions

present. The problems we encountered due east remain largely unexplained. We cannot devise a

mechanism to explain how the microwave transmission interferes with the GPS signal, but it is

possible that the signal to noise ratio is decreased making it difficult for less sensitive GPS

antennas to obtain satellite locks. The GPS frequencies are at 1575.42 MHz for L1 and 1227.6

MHz for L2. It is possible that various harmonics of the microwave transmissions could fall near

the GPS frequencies thus causing some degree of receiver reception problems (Johannessen et al.,
1990). The problems undoubtedly will vary from one transmitter to another. Also it has been

shown that GPS signals are susceptible to jamming whether it is unintentional or deliberate

(Johannessen, 1992; Owen, 1992).

Given the fact that the GPS receiver manufacturers contend that television or radio

transmitters should pose no problems, how should one proceed? If a situation necessitates a GPS

survey near a transmitting tower, the only prudent course of action would be to test all receivers

thoroughly prior to commencement of the survey. The test should be conducted at various times of

the day and in all azimuthal orientations extending out to 4 km. Had we performed these tests and

been aware of all these problems in November 1991, it is quite possible we would have been able

to complete the entire GPS survey (134 points) without any additional trips. It is our belief that for

every type of transmitting tower some type of interference is present. Therefore any GPS surveys

that are performed in their vicinity will experience problems similar to the ones we encountered. It

is up to the surveyor to take precautionary steps in order to avoid potential problems, or using a

variation to the old salesperson adage: "let the surveyor beware."
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FIGURE CAPTIONS

Figure 1. The original survey plan of the GPS points within a 2 km radius of the tower.

Figure 2. The original plan for the inner three rings (A, B, and C) with each six-sidded
polygon representing one session of observation. The figure depicts two days of observations
consisting of five 1 hour and 45 minute sessions.

Figure 3. The final survey plan of the GPS points within 2 km of the tower.

Figure 4. The survey plan for the F, G, and H rings on Julian days 318 and 319 prior to the
discovery of the interference problem.

Figure 5. The survey points of the F, G, and H rings. Points without designation are those
where GPS data was successfully collected. The points labeled in italic are those where GPS data
was not originally collected despite morm than one attempt at obtaining data. The remaining points
are ones where data was collected on one day but not on another day. The solid lines represent the
approximate regions where reception difficulties were prevalent.
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